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Understanding the diffusive and frictional mechanisms of adsorbates on periodic or 
random surfaces is a ubiquitous interest. Surface diffusion is a key to control the rate of 
self-assembly and growth in bottom-up approaches. Moreover, friction of nanoscale 
moving objects (nanofriction) is important in development of nanoelectromechanical 
systems (NEMS), surface probing and tribological devices. Interestingly, surface 
diffusion and nanofriction are closely related.  
   Despite numerous experimental and theoretical studies having been performed to 
illuminate surface diffusion and nanofriction, a comprehensive atomic-scale 
understanding of these phenomena remains elusive. For example, continuous surface 
Brownian motion (BM), which is beyond the traditional picture of surface diffusion 
based on the thermally activated jumps, is largely unexplored. Moreover, conventional 
tip-based techniques, such as Atomic Force Microscopy which are widely used in 
nanotribology, can only evaluate the static friction between the adsorbates and their 
substrates. These techniques are not suitable to determine the kinetic nanofriction of 
mobile adsorbates.  The relation between diffusion and friction of adsorbates may help to 
address this problem. Additionally, the effect of chemical modification or contamination 
of the substrate on the mobility of an adsorbate is another intriguing problem. 
   Computational techniques are powerful tools to address the challenging issues 
discussed above with the atomic-scale resolution. In this thesis, we employ molecular 
dynamics simulations to study the surface diffusion of a single C60 admolecule on 
graphene substrate, which is considered as a prototypical physisorbed system. We show 
that the C60 admolecule exhibits two distinct regimes of surface Brownian motion (a 
vi 
 
quasi-continuous and a ballistic-like) on graphene. A crossover occurs between these two 
regimes by merely changing the temperature which alters the mechanism of exchanging 
the energy between the admolecule and the substrate.  
   We evaluate the effect of rotational degrees of freedom (DOFs) of the C60 admolecule 
on its surface diffusion. We show that there is an intermediate temperature range in 
which the rotational DOFs provide alternative routes for the admolecule to overcome the 
energy barriers and performing a quasi-Brownian motion, which enhances the 
admolecule mobility. Beyond this intermediate temperature range, the contribution of 
rotational DOFs to the overall mobility of the admolecule is negligible.  
   We develop a theoretical framework to study the temperature dependence of kinetic 
nanofriction. We use the Einstein’s theory of Brownian motion to analyze the surface 
diffusion of the C60 admolecule on graphene, and show that the decrease of kinetic 
nanofriction coefficient with temperature in this system follows an Arrhenius form. 
   By comparing the diffusion of C60 admolecule on both pristine and hydrogenated 
graphene, we introduce a chemical route to control the molecular mobility. Our results 
demonstrate that a minute hydrogenation (dehydrogenation) of the graphene (graphane) 
drastically reduces the mobility of admolecule. We suggest a theoretical model, which 
takes the effects of both random traps and barriers into account, to predict the diffusion 
coefficient as a function of temperature and hydrogen coverage. Our findings provide 
insights into the understanding of the diffusive and frictional phenomena at the nanoscale, 
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The idea of manipulating matter at the atomic scale was inspired by Richard Feynman’s 
1959 visionary lecture ―There’s plenty of room at the bottom‖ [1, 2].  He predicted the 
rise of a new era of science and technology that can change people’s lives by molecular 
machinery, denser computer circuits, compact data and energy storage, and nanoscale 
medical technology. Over the several decades since then, scientists have been trying to 
miniaturize devices at the atomic and molecular scales (0.1-100 nm). Invention of 
scanning tunneling microscopy (STM) [3] and atomic force microscopy (AFM) [4, 5] 
made it possible to observe and manipulate single atoms. Discovery and synthesis of 
buckyballs [6-8], carbon nanotubes (CNTs) [9-11], graphene [12-17], and quantum dots 
[18, 19] have provided opportunities to design nanodevices with diverse and 
extraordinary functionalities. Moreover, the quest for nanoscale devices which can 
resemble macroscale machinery has stimulated development of a variety of 
nanoelectromechanical systems (NEMS) [20, 21], such as nanobearings [22, 23], 
nanogears [24], and nanomotors [25, 26]. 
   Currently, the most popular fabrication method in microelectronics is ―top-down‖ in 
which  the process is basically started with a bulk substance, and then the bulk is 
modified into smaller structures using chemical, mechanical, optical, or other forms of 
energy [27]. In nanotechnology, the top-down approach is realized by using electron 
beam lithography (EBL), writing and stamping [28]. However, the top-down techniques 
are close to their limits of scaling, and extensive effort and investment are needed to 
upgrade existing equipment. Moreover, as device features become smaller than 100 nm, 
Chapter 1: Introduction 
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application of conventional techniques and materials, e.g. silicon, faces fundamental 
problems such as a large spread in device characteristics owing to device size fluctuations 
[29, 30]. Therefore, development of alternative fabrication methods based on a ―bottom-
up‖ approach is crucial to address ever-increasing demands for miniaturization of devices 
[29, 31, 32]. In contrast to the top-down approach, in which the structure is imposed, in 
the bottom-up approach, a complex structure is synthesized on the surface from atoms or 
molecules (building-blocks) which assemble themselves by covalent bonds, or by 
molecular recognition, i.e. bonding through non-covalent interactions such as van der 
Waals forces  [33-35] (see Figure ‎1.1). As an important advantage of the bottom-up 
approach, at least one critical dimension of the device can be defined and controlled 
during the synthesis process with near-atomic-scale precision [29]. This precise control 
goes beyond that is achievable in the top-down approach, and represents a key feature 
motivating these efforts.  
     In the bottom-up approach, the building-blocks are deposited on a surface (substrate) 
at finite temperatures, and the self-assembled nanostructures evolve as a result of 
spontaneous growth processes [36]. This approach provides an efficient and versatile tool 
for mass production of nanostructures [37, 38]. In research-scale production, building-
blocks can be manipulated to synthesize nanostructures by pushing and pulling them 
using external driving forces (by employing an AFM or STM tip) [39]. Consequently, a 
comprehensive understanding of elementary phenomena governing self-assembly and 
mobility of nanoscale building-blocks on surfaces is necessary to design efficient bottom-
up techniques.  
 




Figure ‎1.1 Two main approaches of controlling matter and fabricating structures at the 
nanoscale. In top-down techniques, several methods like lithography, writing, or 
stamping are employed to form the desirable features from the bulk. Bottom-up 
approaches rely on self-processes to order atoms and molecules to form the structures. 
The insets from top left in the clockwise order show a Scanning Electron Microscopy 
(SEM) of a nanomechanical device  fabricated by electron beam lithography (EBL), 
structured thin film of CNTs, a single CNT connecting two electrodes, a nanoporous 
metal-organic network consisting  of functional molecules and iron atoms, and the letter  
―C‖ obtained by manipulating and positioning 7 carbon monoxide (CO) molecules using 
STM tip [27].  
 
1.1 10BSurface diffusion controls the self-assembly and growth mechanism 
As it is described in the previous section, in the bottom-up approach, the building-blocks 
are deposited on a surface (substrate) at finite temperatures, and the self-assembled 
nanostructures evolve as a result of spontaneous growth processes [36]. During self-
assembly and growth, adsorbed building-blocks (adsorbates) move randomly on the 
surface, due to thermal fluctuations of the substrate atoms.  They may be frequently either 
trapped on the sites (potential wells, or adsorption sites) which offer them strong binding, 
Chapter 1: Introduction 
4 
 
or may acquire enough thermal energy and escape from these sites. This process is called 
surface diffusion, which is conventionally known as a thermally activated mechanism: the 
adsorbate overcomes the energy barriers by the means of thermal energy [37]. The 
diffusion rate is the measure of mobility of the adsorbate, and is commonly quantified by 
the surface diffusion coefficient, D, defined as the mean square distance travelled by the 
adsorbate per unit of time [40]. The temperature dependence of D is conventionally 
described by an Arrhenius law.  
   The growth mechanism is governed by the energetics and dynamics of the system 
where the competition between thermodynamics and kinetics may lead to formation of 
equilibrium or non-equilibrium structures, respectively [41]. If the adsorbates are 
deposited on the substrate with a given flux, F, then D/F (the ratio of surface diffusion 
coefficient to deposition rate) is a measure of the average distance that an individual 
adsorbate can travel on the surface before it meets another adsorbate, either to form a new 
nucleus or to attach to an existing aggregate [27]. Therefore, the growth mechanism and 
the final self-assembled structure can be predicted based on the ratio D/F [42, 43]. If 
surface diffusion of adsorbates is fast compared to their incident flux (large values of 
D/F), the adsorbates have sufficient time to explore the surface and find the most 
energetically favorable (equilibrium) configuration. Hence, many aspects of the system 
can be explained and predicted by employing energetic principles and equilibrium laws 
of thermodynamics (i.e. the process is thermodynamically controlled [41, 44, 45]). In 
contrast, if the diffusion rate (adsorbate mobility) is limited (D/F is small), the adsorbates 
do not have the much chance to assemble in an equilibrium manner. This process is 
controlled by kinetic effects and results in a non-equilibrium structure. To explore and 
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describe such a process, analysis of only the energetics is not sufficient, and dynamical 
models such as Monte Carlo (MC) or kinetic MC simulations are required [41, 46-48].  
Figure ‎1.2 illustrates the thermodynamically and kinetically controlled growth scenarios 
determined by the D/F ratio. Therefore, a solid understanding of surface diffusion process 




Figure ‎1.2 Growth processes on a surface at the atomic-scale. The atoms or molecules 
(building-blocks) are deposited (with flux F) on the surface from a vapor phase or an 
incident beam. The adsorbed building-blocks (adsorbates) diffuse on the surface (with 
rate D) until they meet other adsorbates and form new aggregation nuclei, or attach to 
other pre-formed islands. The type of growth is strongly dependent on the D/F ratio. 
Metallic islands (micrographs on the left-hand side) are controlled by growth kinetics 
(small D/F values). The super-molecular self-assembly (the micrograph on the right) is 
based on molecular recognition at equilibrium conditions (large D/F values). 
Semiconductor nanostructures (the micrographs in the centre) are usually grown at 
intermediate D/F, and hence the complex interplay between kinetics and thermodynamics 
determines their morphology [27].  
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1.2 11BSurface diffusion and friction of nanoscale objects 
1.2.1 42BNanofriction 
As it was described above, the basic building-blocks in bottom-up approaches can be 
manipulated by driving forces to pull, push or slide them on a substrate [49]. The applied 
driving force must be adjusted to overcome the friction between the adsorbate and the 
substrate. However, quantification of friction between the building blocks and the 
substrate at the atomic scale is a challenging issue for both experimentalists and 
theoreticians [50].  
   It is common at all length scales that friction dissipates the kinetic energy of moving 
objects into the surrounding/contact media in the form of thermal energy [51]. At the 
macroscopic level, friction and lubrication are well-explored phenomena, and various 
empirical laws have been proposed to describe the frictional behavior of surfaces with 
different characteristics and chemistries [52]. However, the macroscopic rules of friction 
such as Amonton’s law are not generally applicable to nanosystems [53] due to the 
significant role of atomic interactions and thermal fluctuations at the nanoscale contacts 
[51]. Experimental studies of tribological properties of a variety of materials support that 
adhesion and friction at the nanoscale are strongly system- and size-dependent [54].  
   A widely used experiment to measure nanofriction is performed by sliding a conical 
AFM tip on the top of a surface, and measuring the bending torsion of the cantilever 
induced by the surface frictional forces [55]. Such experiment is known as Friction Force 
Microscopy (FFM), in which the contact is between the tip apex (with a nominal size of a 
few nanometers) and the surface. However, the measurements may be significantly 
affected by the material, size, and shape of the tip [54, 56-58]. Moreover, during the 
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scanning procedure, the tip shape and/or angle may change and cannot be evaluated 
independently [58]. Hence, controlling the contact area remains an important problem in 
FFM measurements. These complexities illustrate that conventional experiments cannot 
be readily employed to evaluate the frictional forces between nanoscale building-blocks 
and their underlying substrates.  
1.2.2 43BSurface diffusion and nanofriction  
Previously we discussed surface diffusion and friction at the nanoscale. These two 
phenomena are closely related at the atomic scale, and hence studying surface diffusion 
may help to elucidate the frictional properties at the nanoscale contacting interfaces. For 
example, during the pushing of an atom or molecule, or sliding a nanoscale tip along the 
surface, it has to overcome the energy barriers, which is similar to the surface diffusion 
process. On the other hand, during the surface diffusion, a nanoparticle experiences 
friction while it interacts with the energy barriers of the surface. To some extent, surface 
diffusion can be considered as sliding of the adsorbate affected by infinitesimal driving 
force in thermal equilibrium [59]. Experimentally, this condition can be realized in 
Quartz Crystal Microbalance (QCM) measurements [60]. Thus, the dynamics of friction 
between sliding nanoparticles and the surface can be qualitatively and/or quantitatively 
studied by measuring surface diffusion (see Chapter ‎6).  
1.3 12BMotivations of the thesis 
1.3.1 44BStructured graphene-based substrate for mass transport 
As discussed in the previous sections, an important goal of nanotechnology is to develop 
robust techniques to manipulate atoms and molecules at the nanoscale, for example, by 
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using AFM or STM tips. However, such tip-based techniques are not scalable and are 
limited to a small number of nanoparticles.  
   Since carbon nanotubes (CNTs) [9-11] are mechanically robust and chemically inert, 
they provide sustainable tracks for mass transport. Researchers have successfully 
conveyed atoms in a certain direction through CNTs by applying a large electric current 
[61, 62]. If other materials are used, the applied current required to impose the directional 
motion may destroy the tracks [63]. 
   Similar to CNTs, graphene [12-17] carbon atoms form strong covalent sp
2
 bonds. In 
addition, its electronic conductivity is similar to that of CNTs [64, 65]. Therefore, it is 
expected that graphene can be used as a mass conveyor. The graphene geometry can be 
modified using conventional techniques such as lithography. It can be structured to 
develop complex circuits for mass transport. Recently, the possibility of transport of 
chemically absorbed (chemisorbed) [66] atoms on graphene has been demonstrated [63].  
More elaborated theoretical and experimental studies are required for better 
understanding of the motion of a variety of molecules on graphene-based substrates, 
which will be used in future applications.  
1.3.2 45BPhysisorption of fullerenes on graphene and the importance of van der 
Waals interactions  
The successful fabrication of molecular structures and devices on a surface strongly relies 
on understanding the interactions between the adsorbed molecules (admolecules) and 
their underlying substrate, as well as the intermolecular interactions [67]. These 
interactions play a key role in dynamic processes such as diffusion, friction, 
conformational changes, and molecular rotation, which play an essential role in 
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nucleation and growth of self-assembled structures. The van der Waals (vdW) 
interactions play a prominent role in the structure and properties of physisorbed 
organic/organic interfaces [68]. Studies have revealed that very weak vdW attractive 
forces between C60 molecule and graphene substrate is the reason for the physisorption in 
the system [69, 70]. The fact that both C60 and graphene exclusively consist of carbon 
atoms (without any other atoms which may lead to long-range interactions) allows the 
C60/graphene system to be one of the best adsorbate/substrate systems to study the effect 
of vdW interactions on dynamic processes occurring in physisorbed systems.  
   It must be noted that efforts to understand the origins of friction are ongoing, 
particularly to evaluate the contributions of electronic excitations and thermal vibrations 
in the systems to the frictional mechanisms [71]. Since in a physisorbed system such as 
C60/graphene, the effect of electronic excitations on the dynamics of the adsorbate is 
negligible, studying the dynamics of this system would help evaluate the contribution of 
lattice thermal vibrations to the friction [72].   
   Moreover, since the calculation of vdW interaction energies is still a challenging task 
for the conventional first-principles methods, studying the C60/graphene system may also 
help to evaluate and develop theoretical frameworks to describe vdW forces [68].  
1.3.3 46BApplications of the C60/graphene system in nanotechnology 
Organic molecules adsorbed on graphene may find numerous technological applications 
[73, 74]. For example, monolayers of C60 on graphene, which have been realized recently 
[75, 76], may be used for molecular bearings [77], spintronics and quantum computing 
[76, 78]. The exceptionally weak molecule-surface interactions in the C60/graphene 
system offer possibilities to use this system in photovoltaic devices in which minimal 
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charge transfer between the functional molecular components and the underlying 
substrate is desired [79]. Hence, C60/graphene may serve as a model system for better 
understanding of molecule/surface interactions in graphene-based organic photovoltaic 
applications. 
   In addition, it has been shown that three-dimensional (3D) rotation of C60 molecule 
plays a significant role in  achieving very low static friction at the graphite/C60/graphite 
interface [80]. Owing to their spherical shape and 3D rotational degrees of freedom 
(DOFs), buckyballs such as C60 have been suggested as suitable wheels for rolling 
translation on surfaces [81]. Besides these applications, employment of C60 for drug and 
gene delivery is at an early stage of development in medical field [82, 83].  These 
promising applications indicate the importance of understanding the mechanisms of 
motion of C60 molecule in a variety of environments.  
   Surface diffusion of C60 on graphene-based substrates has recently received much 
attention, and theoretical studies have revealed a shallow potential energy surface (PES) 
due to the very weak vdW interactions between C60 and graphene [84]. Therefore, from a 
scientific point of view, the C60/graphene system is also an ideal candidate to explore the 
role of pure vdW interactions in dynamic processes such as molecular diffusive and 
frictional mechanisms in physisorbed systems (see Section ‎1.3.2).  
1.4 13BOpen questions and objectives of the thesis 
We chose the C60/graphene system as an ideal prototype model to investigate the 
energetics and dynamics of molecular surface diffusion and its relation to the nanofriction. 
Considering this system, the main objective of the thesis is to address a variety of open 
Chapter 1: Introduction 
11 
 
questions related to surface diffusion, nanofriction and molecular mobility, as described 
below. 
1.4.1 47BDiffusive regimes beyond the conventional picture of surface diffusion  
The conventional knowledge of surface diffusion is based on the thermally activated 
jump mechanism (stick-slip motion) [85], and has been commonly described by transition 
state theory (TST) [86, 87]. However, theoretical studies suggested that increasing the 
temperature leads to deviations from this model, and a crossover from the low-
temperature jump regime to the high-temperature continues Brownian regime might be 
expected [88]. Although different regimes of continuous BM in systems with high and 
low friction are theoretically predicted [89, 90],  observation of these regimes in real 
systems is scarce. Only one case of surface BM in a real system with high friction has 
been reported unequivocally [72]. Due to their scientific and technological importance, 
various regimes of surface diffusion in different conditions must be mapped and their 
corresponding physical mechanisms have to be uncovered. However, despite 
experimental [40] and theoretical studies [90, 91], many problems associated with 
molecular surface diffusion remain unsolved, especially in the systems with small energy 
barriers and/or low friction [92]. 
1.4.2 48BEffect of rotational degrees of freedom of admolecules on their surface 
diffusion 
In contrast to an adatom, an admolecule occupies a finite space and has rotational degrees 
of freedom (DOFs), which may play an important role in its interactions with the 
substrate. Consequently, the surface diffusion of an admolecule is more complex than its 
atomic counterpart [93, 94]. Hence, understanding the effect of rotational DOFs of 
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molecules on their diffusive behavior is not only important to understand the different 
regimes of motion in nano-sized contacting objects, but is also essential to achieve the 
ability of tuning their dynamics. This ability may allow us, for example, to control the 
direction of motion of adsorbates [95], or to manipulate the tribological performance of 
self-assembled thin films [96]. In addition, the complexity of molecular surface diffusion 
raises questions of applicability of conventional theories of atomic surface diffusion, 
because these theories do not take the effect of admolecule rotational DOFs into account. 
Hence, in the current work, we chose C60/graphene as a model system, and used 
molecular dynamics (MD) simulations to answer several important questions regarding 
molecular surface diffusion: 1) How do the rotational DOFs alter the diffusion regimes? 2) 
How to quantify the effect of rotational DOFs on the mobility of admolecules in each 
regime? 3) What is the role of rotational DOFs in the interactions between the 
admolecule and the substrate?  
1.4.3 49BTemperature effects on the kinetic friction of nanoscale building blocks 
To develop high-performance nanoelectromechanical systems (NEMS) by using bottom-
up approaches, understanding frictional mechanisms in different regimes for various 
basic building blocks is essential [97]. One of the main caveats of NEMS is the reliability 
and controllability of molecular motion in the presence of nanofriction and thermal 
fluctuations [98, 99].  
   Nanoscale imaging and testing techniques, e.g. atomic force microscopy (AFM), are 
conventionally employed to measure nanofriction; however, their results are influenced 
by the tip-size and shape [56]. During an experiment, evaluating and controlling the real 
contact area between the tip and the surface remains an important unsolved problem [58] 
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(see Section ‎1.2). A possible solution to determine the interfacial friction between a 
nanoscale adsorbate and its underlying substrate would be to use the ―tip-adsorbate 
manipulation‖ technique [58], which offers measurement of nanofriction at well-defined 
atomic-size contacts between arbitrary materials. Nevertheless, only static nanofriction 
between adsorbates and the surfaces has been measured by this technique [50, 58],  and it 
is too slow to determine the kinetic nanofriction of mobile adsorbates [72].  
   The Einstein’s theory of Brownian motion, which is widely applied in microsystems, 
provides a link between the diffusion coefficient of a Brownian particle and the (kinetic) 
frictional forces imposed on it from the environment [100]. Therefore, BM of a single 
nanoparticle on a surface, which was recently found far below room temperature [72], 
can give us an opportunity to study kinetic nanofriction, and develop reliable and 
controllable NEMS. Moreover, since these devices are operating at finite temperatures, 
understanding the relation between friction and temperature becomes crucial.  
1.4.4 50BControlling molecular mobility by altering the substrate chemistry 
How to accurately control the motion of nanoscale building blocks on 
functionalized/contaminated surfaces is a challenging problem that is crucial for 
developing high performance NEMS, and for guiding self-organized patterns and 
structures. Recently, a graphene Moiré pattern was employed to trap and construct arrays 
of C60 molecules for homoepitaxy of graphene nanostructures [101]. Meanwhile, 
chemically functionalized domains on graphene were demonstrated to trap and pack 
molecules [102]. However, the theoretical framework for the dynamics of molecular 
mobility and diffusive behavior on functionalized graphene is still lacking. It is both 
important and imperative to develop such a theoretical framework.  
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1.5 14BOutline of the thesis 
The thesis is organized into eight chapters to address the respective problems and open 
questions discussed in Section ‎1.4. The main focus of the research is to study the 
energetics and dynamics of surface diffusion in the C60/graphene system. First we give a 
brief review of surface diffusion phenomena in Chapter 2. We review some of the most 
important experimental and theoretical techniques used to study the surface diffusion. 
Then, in Chapter 3, the computational techniques applied in the present simulations are 
described. In this chapter, we emphasize the suitability of the molecular dynamics 
technique (MD) to address different aspects of molecular surface diffusion, which makes 
it unique among other approaches. In Chapters 4 to 7 we address the main objectives of 
the thesis that were described as a set of open questions in Sections 1.4.1 to 1.4.4, 
respectively. In Chapter 4, we describe two distinct regimes of nanoscale BM in 
C60/graphene system, which are beyond the conventional picture of surface diffusion, and 
the mechanism of transition between these regimes. In Chapter 5, we address the effect of 
rotational degrees of freedom on the molecular surface diffusion. In Chapter 6, we 
provide a framework to address the effect of temperature on the kinetic nanofriction of 
the C60/graphene system. In Chapter 7, we introduce a chemical route to control 
molecular mobility by altering the substrate via chemical functionalization. Finally, the 
thesis is summarized in Chapter 8, where the main conclusions of the present work and 
future plans are presented. 
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2 2BSurface diffusion phenomena: an overview 
 
In this chapter we present an overview of surface diffusion. We discuss experimental and 
theoretical methods of studying diffusion of atoms and molecules adsorbed on surfaces. 
2.1 15B asic concepts on the interactions between adsorbate and substrate 
On the nanoscale, flat surfaces, which seem to be perfectly smooth, are not structureless, 
but rather consist of discrete atoms reflecting the crystallographic symmetry of the 
substrate lattice. These surface atoms exhibit translational symmetry, whose details 
depend on the particular crystal plane terminated at the surface. An adsorbed atom, 
molecule or nanoparticle occupies specific positions on the surface called adsorption 
sites, which can be for example on the top of surface atoms, or at bridging sites between 
two nearest surface atoms, etc. These sites are merely the positions offering the lowest 
potential energy (strongest binding) to the adsorbate/substrate system. However, binding 
to the surface at sites on other locations of the substrate can be nearly as strong as binding 
to adsorption sites (see Figure ‎2.1(a) and Figure ‎2.1(b)). According to Figure ‎2.1(c), the 
potential energy surface (PES) of the system, V(x) (or V(r) on two-dimensional (2D) 
surfaces), represents the potential energy of the entire adsorption system with respect to 
different lateral positions of the adsorbate while the positions of the substrate atoms are 
fixed. Indeed, this is an effective potential energy that the adatom experiences during its 
interactions with the substrate. The adsorption sites reflect the translational symmetry of 
the surface lattice, and as a consequence, the PES of the system also exhibits a 
translational symmetry in accordance with the surface lattice (see Figure ‎2.1).   




Figure ‎2.1 (a) Schematic of a substrate (open circles) and two adsorbed atoms (full circles 
in (1) an equilibrium and (2) a saddle-point configuration. z, distance normal to the 
surface, x along the surface. (b) Potential energy diagram for the adsorbate moving 
perpendicular to the surface in x positions 1 and 2 as in (a). (c) Potential energy diagram 
for the adsorbate moving laterally (parallel to the surface). The activation energy of 
diffusion Ea, is equal to the energy difference of the minima of curves 1 and 2 in (b) [103].    
 
   In the simplest case of surface diffusion, the substrate atoms do not directly participate 
in mass transport (in contrast to other more complicated cases which involve the 
exchange of adsorbed and substrate atoms). In this case, substrate atoms just perform 
small vibrations around their equilibrium positions, and the influences of the substrate on 
the dynamics of the adsorbate can be separated into two categories: adiabatic and non-
adiabatic coupling [91].  
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2.1.1 51BAdiabatic coupling of adsorbate to surface 
The substrate influences the adsorbate dynamics through the adiabatic PES of the system. 
The difference between the value of the PES at the saddle point and at the minimum is 
the classical energy barrier, Ea, for the diffusion process (see Figure ‎2.1(c)). It is 
noteworthy that, as it can be seen in Figure ‎2.1 (b), this energy barrier is smaller than that 
required for desorption of adsorbate from the surface. At relatively low temperatures 
(kBT<<Ea, where kB is the Boltzmann constant, and T is the absolute temperature), the 
motion of the adsorbate is dominated by the localized oscillations at the bottom of 
potential well of the system adsorption sites. These oscillations might sometimes lead to a 
jump, and the adsorbate moves from the adsorption site to the nearest equivalent one 
providing that it has enough translational energy to overcome the energy barrier of the 
PES between the adjacent sites. The adsorbate may acquire the energy for the jumping 
process from the thermal fluctuation of the substrate atoms (i.e. phonon heat bath). Hence, 
the jump mechanism (hopping) is a thermally activated process. Similar to all other 
thermally activated processes, an Arrhenius form separating the rate of jumps into a 
prefactor and an exponent, exp[-Ea/kBT], is often employed to describe the temperature-
dependent  hopping mechanism. 
2.1.2 52BNon-adiabatic coupling of adsorbate to surface 
The substrate also influences the dynamics of the adsorbate through the non-adiabatic 
coupling of the adsorbate to surface vibrations (excitations). This coupling is responsible 
for the energy exchange between the adsorbate and the surface, and can alter the 
diffusion characteristics of the adsorbate, for example, from Brownian to ballistic motion. 
Through the non-adiabatic coupling, the adsorbate acquires sufficient thermal energy to 
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jump over the barriers, and then, dissipates this energy and equilibrates at a new 
adsorption site. Without going to more details in this section, we note that as a simple 
approximation, the non-adiabatic coupling can be characterized by a simple friction 
coefficient η [91], where η is the kinetic friction coefficient, which indicates the rate of 
energy exchange between the adsorbate and the substrate, and plays  an important role in 
the dynamics of the adsorbate. 
2.2 16BA microscopic description of surface diffusion 
2.2.1 53BSingle particle (tracer) diffusion 
Tracer diffusion refers to migration of a single isolated adsorbate (tracer). Surface 
diffusion is a stochastic (random) process which mathematically may be described as a 
random walk whose mean square displacement (MSD) is proportional to the observation 
time. At sufficiently long time, the scaling of MSD is linearly proportional to the time, 




2.2.2 54BThermally activated jumps 
   If the temperature is low enough, that is, kBT << Ea, the adatom spends most of its time 
at its adsorption site, oscillating with a small amplitude. Occasionally, it may receive 
sufficient energy from the substrate thermal vibrations (heat bath) to make a successful 
jump over the energy barrier, after which it again thermalizes at another adsorption site. 
Hence, in this regime, the diffusion is a series of activated microscopic jumps. 
 




Figure ‎2.2 (a) One-dimensional  and (b) two-dimensional  random walks [103].  
 
2.2.2.1 71BSingle jumps: uncorrelated random walk 
Providing that the η is large, after the jump the translational energy of the tracer rapidly 
dissipates into the surface heat bath, and it will equilibrate at the nearest-neighboring 
adsorption site. Since the jump terminates at a nearest-neighbor site, it is called a single 
jump. After a single jump, the tracer loses all its ―memory‖ about its previous location, 
and hence, all individual jumps are uncorrelated and identical. For example, in one 
dimensional (1D) lattice, the tracer makes a new forward or backward jump with equal 
probabilities (see Figure ‎2.2). Hence the process can be described as an uncorrelated 
random walk.  
   According to the random walk theory, in the case of an uncorrelated random walk in a 
two-dimensional (2D) lattice, we can write [104]: 
 ,0)t(  R  
(‎2.1) 
 ),()( 22 tnlt  R  
(‎2.2) 
where R is the displacement vector of the tracer, n(t) is the number of jumps in a given 
time t,  and <.>  is the average over a large number of random walks with time duration 




> is the mean square displacement of the 
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tracer. In the case of uncorrelated random walk on a uniform lattice (see Figure ‎2.2), all 




. The effective 
jump frequency, Γ, can be defined as: 
 .t/)t(n  
(‎2.3) 
Consequently, the mean square displacement of the tracer particle can be written as: 
 
.tl)t( 22  R  (‎2.4) 
Indicating that: 
 .t)t(2  R  
(‎2.5) 
The tracer diffusion coefficient, D
*
, is defined independent of characteristics of the 












where d is the spatial dimension. For the surface diffusion, d=2. Hence, the tracer 





D 2*    (‎2.7) 
 
The two most important quantities to describe the jump diffusion are the total jump rate Γ 
and the mean square jump length <l
2
>. The definition of D
*
 in Equation (‎2.6) does not 
depend on the nature of jumps, implying that this definition can be used regardless the 
jump mechanism is thermally activated, or the jumps take place by quantum mechanical 
effects such as quantum tunneling [105]. 
   Considering the thermally activated jump mechanism, the temperature dependence of 
the jump rate, Γ, can be written with the Arrhenius form [106, 107]: 
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where Γ0 is the prefactor, Ea is the activation energy, kB is Boltzmann constant, and T is 
the temperature. Equation (‎2.8) can be derived from a microscopic theory of surface 
diffusion at low temperatures, i.e. kBT << Ea [85, 90], or from the more 
phenomenological Transition State Theory (TST) [107] (also see the discussion on TST 
in Section ‎2.4.1). In the limit of high friction and very low temperatures, the activation 
energy, Ea, coincides precisely with the energy barrier of the diffusion in the PES of the 
system [90], which is the difference between the potential energy value of the system at 
the lowest saddle point between the adjacent adsorption sites, and the value at the bottom 
of the adsorption site potential well (see Figure ‎2.1). The prefactor Γ0 is given by [91]: 
 
oscs0 n  , (‎2.9) 
where νosc is a typical vibrational frequency of the adsorbate  at the adsorption site, and ns 
is the number of equivalent sites in the neighborhood of the original position (ns = 4 and 
6 on square and triangular lattices, respectively). The description of surface diffusion as a 
site-to-site hopping process is valid if   Γ<< νosc, or equivalently, kBT << Ea, which 
means that the temperature must be low enough to be in the jump regime. From 
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where D0 is the surface diffusion prefactor: 








D 2oscs0   
(‎2.11) 
 
   The definition of D
*
 for a single adsorbate in Equation (‎2.6) can be generalized for the 
assembly of N distinguishable adsorbates (which means that the diffusive motion of each 












limD ii rr  (‎2.12) 
where N is total number of adsorbates, ri(t) is the position vector of the ith adsorbate at 
time t, and ri(0) is the position vector of the same adsorbate at time t at time origin, and <.> 
is the time or ensemble average. It is noted that Equation (‎2.12) cannot be experimentally 
measured, because distinguishing and tracing all individual adsorbates is impossible in 
experimental practices. However, it can be measured by using simulation techniques. 
 
 
Figure ‎2.3 Periodic one dimensional potential VA(x). The particle starts at the saddle point 
(transition state) with the potential energy of EA and the kinetic energy of kBT. It crosses 
the cell, dissipating energy to the surface due to the friction [91]. 
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2.2.2.2 72BLong jumps: correlated random walk  
The occurrence of long jumps (the jumps in which the adsorbate flies over several 
adsorption sites), on the other hand, can be discussed qualitatively in the framework of a 
one-dimensional (1D) model of surface diffusion in a periodic potential VA(x) (see 
Figure ‎2.3), where the adsorbate dissipates its kinetic energy to the substrate with a 
constant friction coefficient, η. Here, a simple condition for the occurrence of a long 
jump can be constructed. To this end, the energy dissipated to the surface by the 
adsorbate while it crosses a lattice cell must be calculated [108]. It can be assumed that 
the particle starts at the saddle point in the left side of a cell (–a/2 in Figure ‎2.3) with an 
initial kinetic energy of kBT, and an initial total energy of E0=kBT+Ea. Then the particle 






2/a   
(‎2.13) 
 
where m and v(x) are  the mass and velocity of the adsorbate, respectively. If Δ < kBT, the 
adsorbate does not dissipate all its kinetic energy during crossing a single cell, and a long 
jump occurs. Based on this analysis, the low friction regime can be defined by the 
following condition [108]:  
 .TkB  (‎2.14) 
 
   Indeed, occurrence of long jumps in surface diffusion has been observed in experiments 
[109] as well as simulations [110]. Figure ‎2.4 illustrates an example of a long jump of an 
adatom observed in molecular dynamics (MD) simulations. Adsorption sites are indicated 
by the open circles. The initial and final positions of the long jump are indicated by the 
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arrows. In this jump, the particle has moved over a distance of two unit cells without 
stopping in the nearest adsorption site.  
 
 
Figure ‎2.4 Trajectory of an adatom in MD simulations of Cu/Cu system.  Open circles 
indicate the adsorption sites. The arrows indicate a long jump (with length of two unit 
cells), followed by a single jump (back and forth between two adjacent adsorption sites) 
[110].  
 
      The precise geometry of the PES of two-dimensional (2D) systems has an important 
role in the probability of the occurrence of long jumps [111]. In fact, numerical solutions 
of surface diffusion in two dimensional models have shown that the occurrence of long 
jumps considerably reduces if the minima and the saddle points are not along the same 
straight line [111, 112]. The reason is that the long jumps are more probable when the 
most favorable diffusion pathways are straight lines, so that the adsorbate trajectories can 
easily propagate along them due to the inertial effect. Any geometrical confinement (in 
the PES of the system), which leads to non-straight diffusive pathways increases the 
dissipation parameter, Δ (see Equation (‎2.13)). Therefore, the probability of re-trapping 
increases, and consequently, the possibility of long jumps is reduced [113]. Experimental 
and molecular dynamics studies in variety of metal/metal systems have demonstrated the 
sensitivity of long jumps to the details of the system PES, suggesting that the 1D models 
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may not be sufficient to appropriately describe the diffusion on real 2D surfaces [114, 
115]. Moreover, the probability of occurrence of long jumps can be increased by 
applying external effects, such as applied field and perturbations of a microscope tip [116, 
117]. 
   Occurrence of long jumps, i.e. correlated random walks, alters the value of mean square 
displacement, <R
2
>, predicted by the uncorrelated single jump model (see 
Section ‎2.2.2.1). To understand this, we rewrite the mean square displacement of the 









ji rrR  (‎2.15) 
where rk is the displacement vector of the kth jump, n is the total number of jumps at 
given time period of t, and the point (.) is the scalar product of the vectors. Assuming that 
|rk|= a (the lattice parameter), we will have rk.rk  = a
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The mean square displacement can be rewrite as: 
 .fna)t( 22  R  
(‎2.18) 
Now, we can generalize the definition of tracer diffusion, D
*
, by using the uncorrelated 
random walk model as: 
 .fnatdD2)t( 2*2  R  (‎2.19) 
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The values of f ranges from 0 to n [103, 118]. If we have uncorrelated random walk, <ri.rj> 
= 0 and f=1. In the case of ballistic motion, which means the jumps are strongly 
correlated in such a way that the direction of first jump determines the direction of all 
subsequent jumps, <ri.rj>=a
2
, and f=n. When a jump in a certain direction leads to the 
next jump in the reversal direction, f would approach zero. This case may occur on 
heterogeneous surfaces leading to subdiffusion (See Chapter ‎7). Therefore, occurrence of 
correlated jumps can make D
*
 time-dependent. Hence, in order to obtain a stable tracer 
diffusion coefficient, observation time of the tracer mean square displacement must be 
long enough to eliminate the memory effects, and to reach the  normal diffusion regime (f 
=1). 
2.2.2.3 73BRemarks on thermally activated jump model 
The Arrhenius description of surface diffusion presented in Section ‎2.2.2.1 is the 
commonly accepted model of the surface diffusion which is traditionally used to analyze 
and interpret the experimental or simulation results [87, 119]. However, we need to 
emphasize that the application of Arrhenius analysis in some cases might be arguable and 
specific considerations must be taken into account.  
   First, the derivation of the Arrhenius form is possible in special conditions in which the 
system exhibits thermally activated single jumps [85, 90]. These conditions are usually 
satisfied at low temperatures. This is because the unique diffusive pathway through the 
lowest energy saddle point to the next adsorption site dominates only at low temperatures. 
At higher temperatures, many other diffusive pathways might become accessible for the 
adsorbate (tracer), and then, the overall activation energy of diffusion is obtained as an 
average over a distribution of energy barriers which the tracer may overcome. Therefore, 
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the activation energy extracted by Arrhenius analysis may not coincide with the depth of 
energy wells in the PES of the system.  
   Moreover, as it is discussed in Section ‎2.2.2.2, long jumps are possible during the 
surface diffusion (especially in the system with low friction coefficient, η).  Occurrence 
of these long jumps causes deviation from the ―Arrhenius-like‖ behavior, thus the 
explanation of the results becomes difficult. The long jumps cause correlated random 
walks, which can alter the interpretation of the Arrhenius barrier and/or prefactor [109, 
120, 121]. The Arrhenius-like analysis can be adapted for a long jump regime of surface 
diffusion, by noticing that, on the one hand, different barriers can be associated to jumps 
of different lengths (since jumps of different lengths need different activation energies 
[91, 109]. Therefore, the overall Arrhenius activation energy is an average over different 
activation energies of different jump lengths. On the other hand, the occurrence of long 
jumps may impose additional temperature dependence in <l
2
> and hence the diffusion 
prefactor [120, 121].  
   The direct and straightforward application of the Arrhenius analysis may become 
problematic in the case of surface diffusion on heterogeneous substrates having a 
random/non-periodic PES rather than a periodic one.  This will be described in details in 
Chapter 7. In such heterogeneous systems, more complicated analysis is needed to 
describe the simulation/experimental results.  
   It is important to notice that the models discussed above describe the motion of an 
isolated adsorbate exhibiting thermally activated jumps between the adjacent adsorption 
sites. This is a simple picture of surface diffusion.  It has been shown that in some 
systems, e.g. homoepitaxial metallic systems, the surface diffusion takes place by more 
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complex mechanisms such as exchange process [122, 123]. In an exchange process, the 
adatom exchanges with a substrate atom, and that new adatom continues the diffusive 
motion. The rate of exchange mechanism can be comparable to the rate of simple 
hopping motion, or even becomes dominant [87]. Other more complicated mechanisms 
such as multiple exchanges or concerted movements of adsorbates, which involve a large 
number of atoms, have also been proposed [124].  
2.2.3 55BCollective surface diffusion 
The diffusive motion of a single adsorbate was discussed in the previous sections, and the 
single particle (tracer) diffusion coefficient D
*
, was defined. It was shown that D
*
 is 
proportional to the product of the rate and the average square length of uncorrelated 
jumps. This relation is more complicated when the jumps become correlated at finite 
coverage of adsorbates. 
     At finite coverage, as long as the trajectory of individual adatoms can be followed, the 
concept of single particle or tracer diffusion is still useful (see Equation (‎2.12)). However, 
in this case a single energy barrier cannot be well defined for the adsorbate. Because of 
the adsorbate-adsorbate interactions, the actual activation barrier for a single adsorbate 
also depends on the configuration of all the other particles on the surface. Therefore, the 
effective activation energy which controls the diffusion is defined as an average over all 
the fluctuating configurations. In addition, the successive configurations of the adsorbates 
at finite coverages become correlated, leading to correlated jumps. Obviously, a strict 
Arrhenius form, as it is described in tracer diffusion for the temperature dependence of 
collective surface diffusion, no longer exists. Consequentially, at finite coverages, rather 
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than the single particle (tracer) diffusion coefficient, D
*
, a new transport coefficient must 
be defined, which is called the collective (chemical) diffusion coefficient, Dc [87, 91].  
   Dc is defined through the Fick’s first law of diffusion which describes the relation 
between diffusive flux of the adsorbates, J, and their concentration gradient, ∇r ρ(r) [87]: 
 ),(rDJ rc   
(‎2.20) 
where the adsorbate concentration, ρ, is only a function of spatial position, r. If ρ is time 










A general relation between Dc and D
*











































where the N is the number of particles in the system, <(δN)2>  is the mean square 
fluctuation of the number of adsorbed particles on the surface, vk is the velocity of kth 
particle. If the cross-correlations between the velocities of different adsorbates are absent 
or negligible (which means that the velocities of the adsorbates are independent from 















The relation between <N> and <(δN)2> for the  grand canonical ensemble [125], i.e. a 
system with constant volume,  chemical potential (μ) and temperature (T), can be written 
as: 












































which is known as the Darken’s equation [126].  
2.3 17BExperimental techniques to study surface diffusion 
A brief review of experimental techniques used to study surface diffusion is helpful to 
understand their strength and limitations. This review also highlights the importance of 
theoretical and computational techniques as complementary or even the only possible 
approaches to address certain surface diffusion problems. The most important features of 
the experimental techniques are summarized in Table ‎2.1. There are several important 
issues which must be taken into account when the experimental techniques (Table ‎2.1) 
are applied.  First, these experimental techniques can be classified into two main groups. 
The first group, which includes STM and FIM techniques, can be used to image and 
follow the motion of individual adatoms. Consequently, they can measure the single 
particle tracer diffusion coefficient (D
*
). The second group, which includes QHAS, FEM, 
HAS, LOD, PEEM, LITD, SCPM, and HRLEED, constitutes the majority of the 
techniques. They can be used to measure either equilibrium density fluctuations (QHAS, 
FEM, and HRLEED) or the decay of small non-equilibrium density profiles (HAS, LOD, 
PEEM, LITD, and SCPM). Hence, they measure the collective diffusion coefficient (Dc). 
However, the experimental techniques with high sensitivity such as QHAS can operate at 
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very low coverages, the tracer diffusion coefficient D
*
 can be obtained by measuring Dc(θ) 
at small coverages. The D
*
 can be extracted using the fact that in the limit θ →0, the two 
diffusion coefficients Dc and D
*
 become identical (Dc→D
*
). In addition, we note that the 
STM technique is constantly being improved. Currently, the motion of all the adatoms 
can be followed in real time with STM, so a time series of the entire configuration can be 
generated. This in turn can then be used to obtain the collective diffusion coefficient Dc.   
 
Table ‎2.1 Experimental techniques applied to study surface diffusion (for details, refer to 
[91, 127] and references therein). 
Technique Abbreviation Remarks Coverage (ML) Length scale 
Scanning Tunneling Microscopy STM Direct imaging θ ≥ 0 Atomic 
Field Ion Microscopy FIM Direct imaging θ ≥ 0 Atomic 
Quasi-elastic Helium Atom Scattering QHAS Density fluctuations θ ≥ 0.01 10 Å 
Field Emission Microscopy FEM Density fluctuations θ ≥ 0.1 100 - 1000 Å 
Helium Atom Scattering HAS Density decay θ ≥ 0.01 1 μm 
Linear Optical Diffraction LOD Density decay θ ≥ 0.01 1 μm 
Photoemission Electron Microscopy PEEM Density decay θ ≥ 0 0.1-1000 μm 
Laser Induced Thermal Desorption LITD Density decay θ ≥ 0.1 10-1000 μm 
Scanning Contact Potential Microscopy SCPM Density decay θ ≥ 0.01 ≥ 1 μm 
 
   Second, the length scales listed in the Table ‎2.1 need to be explained. Except for the 
direct imaging methods (STM and FIM), which probe the atomic length scales, most of 
the other techniques (except QHAS) have much longer length scale than the lattice 
constants. For example, LOD method measures at a length scale of a few mm. This length 
scale specifies the maximum wavelength of the decaying density that can be measured. 
At long wavelength the gradient corrections to Fick’s law are negligible and the linear 
response transport coefficient, Dc, can be truly measured. However, at this length scale 
surface defects, e.g. the steps and impurities, cannot be avoided. The effect of surface 
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defect must be taken into account to extract the diffusion coefficient from the data. The 
measured diffusion coefficients could be dramatically different from the diffusion 
coefficients of a defect-free surface. This effect might be the reason for many inconsistent 
results of measurements of diffusion coefficients obtained for the same system [128]. The 
experimental techniques operating at short length scales have the advantages that over a 
length scale of less than 10 lattice spacings, surface defects (steps or impurities) can be 
safely ignored, and do not affect the diffusion coefficient. 
   Third, we note that in some of these experimental techniques, the diffusion coefficients 
are extracted indirectly. An important example of this is STM measurements in static 
mode. Using STM  in the static mode, the size distribution of islands formed by deposited 
atoms during growth process can be measured [129]. The diffusion coefficient is 
extracted using fitting procedure, which is based on assumptions about the nucleation 
process and the mobility of the adatoms. It has been demonstrated that in some cases (for 
example in systems with low activation barriers), a small change in other parameters can 
significantly affect the value of the extracted diffusion coefficient [130, 131]. Therefore, 
a deep understanding of the fundamentals of each experimental technique helps to have a 
reliable interpretation of the obtained results. 
2.4 18BTheoretical and computational techniques to study surface 
diffusion 
In order to study surface diffusion, several theoretical approaches have been proposed. In 
some cases, they may be the only possible method to study certain aspects of surface 
diffusion. In the following, we provide a brief review of the widely used theoretical 
approaches, and discuss their strengths and weaknesses.  
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2.4.1 56BTransition state theory: conventional model of surface diffusion  
As it is described in Section ‎2.2.2, the standard and conventional model of surface 
diffusion is based on the combination of the random walk theory and hopping mechanism. 
In the hopping regime, the adsorbate diffuses through a series of uncorrelated jumps 
between the adsorption sites on the PES of the system. Therefore, the diffusion 
coefficient depends on the distance between the adsorption sites (jump length), and the 
frequency of the jumps (jump rate).  These jumps are thermally activated (except in the 
special case of very light adsorbates, such as hydrogen, at very low temperatures where 
the quantum effects become important [105, 132]). The transition state theory (TST) [86] 
describes the jump rate by an Arrhenius form (see Equation (‎2.8)).    
   The TST theory provides a very simple and widely used model, since its assumptions 
are found to be approximately satisfied in experiments [91]. In the framework of TST 
model, the activation energy of diffusion, Ea, can be extracted from temperature 
dependence of diffusion rates obtained from experiments or simulations. According to the 
TST model, Ea can be used to estimate the adsorbate-substrate interaction potential.    
   However, TST does not provide sufficient insight into the dynamics of the diffusion 
process. Besides, it is expected that the TST model gives the best estimate of diffusion 
rate in the limit of high energy barrier (Ea >> kBT) and strong dynamical coupling of the 
adsorbate to the substrate (high friction). At high temperatures, in the systems with a 
shallow PES or low friction, a significant deviations from the TST model (this issue will 
be addressed in Chapter ‎4) is expected. These limitations of the TST model may be 
obviated by a more general phenomenological Langevin (or equivalently Fokker-Planck) 
approach, in which the potential energy barrier and friction coefficient, η, of the system 
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are included as separate parameters. Indeed, the TST regime (strong energy barrier and 
high friction) is a special limit of the Langevin approach. 
2.4.2 57BLangevin and Fokker-Planck equations 
At the present time, in order to study surface diffusion in details including all degrees of 
freedom of the adsorbate and substrate, atomistic modeling with empirical or semi-
empirical interatomic potentials can be used (see Section ‎2.4.5), since an entirely first-
principles (ab initio) simulation is still not possible (see Section ‎2.4.4). However, a 
simpler approach is to integrate out the substrate degrees of freedom in the equations of 
motion of the system, leaving only an effective stochastic equation of motion for the 
adsorbate [91]. In this case, the dynamics of the adsorbate center of mass (COM) is 
governed by the Newton’s second law in which a stochastic force acts on the adsorbate, 
taking into account the thermal fluctuations of the surface atoms (heat bath). This is the 
essence of Langevin equation (LE), which describes the motion of a single adsorbate 






where m is the adsorbate mass, r is the position vector of its COM, single and double dots 
are first and second derivatives with respecting to time, V(r) is the PES, η is the friction 
coefficient, ξ is the stochastic force, and t is time. 
   The LE describes the time evolution of the position r, and the velocity, v=dr/dt, of the 
adsorbate. Since the LE is a stochastic equation, it is possible to derive a probabilistic 
equation for the same system to obtain a probability distribution P(r, v, t), explaining the 
probability of the adsorbate having the position r with the velocity v at time t. This 
equation is called Fokker-Planck equation (FPE) [133]: 


































   (‎2.27) 
P(r, v, t) is called the phase-space probability distribution, and the FPE describes the time 
evolution of P.     
   The LE (or equivalently the FPE) is a phenomenological approach, and with an 
appropriate choice of PES and friction parameter, it provides a powerful tool to study 
surface diffusion beyond the simple TST model in the systems with shallow energy 
barriers or weak frictional dissipation [89]. As it is described comprehensively in Chapter 
4, the simple LE for the one dimensional surface diffusion has been solved analytically, 
and different diffusion regimes (beyond thermally activated single jump picture) have 
been mapped out [108, 134]. Numerical solutions of LE in model 2D systems
 
 with a 
variety of PES shapes and friction coefficients, qualitatively clarify the effects of these 
phenomenological parameters on the dynamics of surface diffusion  [111, 135]. 
   However, it must be noted that the Langevin model is often inadequate to quantitatively 
describe surface diffusion in real systems [136]. In general, the analytical solution of the 
LE is not possible for arbitrary systems, and numerical techniques must be employed 
[137]. Even in the numerical solution of the LE, selection of an appropriate value for the 
friction coefficient is a challenging task in order to quantitatively describe the diffusivity 
of a system. Hence, the LE is usually used in the phenomenological studies, or used to 
extract the friction coefficient of the systems from fitting with experimental results. 
Another drawback of the LE is that it cannot readily take into account the internal 
degrees of freedom (DOFs) of the adsorbate. 
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2.4.3 58BMonte Carlo simulations 
To study the diffusion in dense adsorbed layers of 2D systems, simulations are usually 
performed based on the lattice-gas model [138, 139]. In the lattice-gas model, the surface 
is modeled as a 2D lattice with M sites, which is filled by N interacting/non-interacting 
adsorbates. The adsorbates move on the 2D lattice sites by hopping from site to site. 
Lattice-gas models are most commonly studied by Monte Carlo (MC) simulations. In the 
MC simulations, following questions are interesting: how to choose microscopic rates to 
reproduce experimental data within the lattice gas description? How to extract 
information about the collective and the tracer diffusion coefficients in an MC simulation? 
   Nowadays, various MC models have been developed to study surface diffusion [140-
142]. But it must be emphasized that the MC simulations were developed to statistically 
obtain the average quantities of the systems at the equilibrium conditions. The sequence 
of states generated by the MC method does not correspond to the real dynamics of the 
system. Therefore; the MC method cannot be applied to study time-dependent properties 
and dynamic processes. Moreover, the lattice-gas description of the surface diffusion is 
appropriate only at low temperatures, so that the adsorbates are well localized at the 
adsorption sites. 
2.4.4 59BFirst-principles (ab initio) methods 
First-principles (or ab initio) methods are commonly used to calculate the PES of the 
systems. In the first-principles calculations, the forces between all atoms in the system 
are calculated quantum-mechanically by applying some approximations, such as density 
functional theory (DFT) [143]. The great advantage of these methods is that they, in 
principle, do not need fitting parameters, and almost in all cases (except for strongly ionic 
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systems and van der Waals forces) can be dealt using the same framework. The first-
principles methods have been widely used to calculate the potential energy barriers of the 
metallic and semiconducting systems [144-147]. However, in order to make first-
principles calculations possible, several approximations have to be made [148, 149]. The 
local density approximation (LDA) [150] is commonly used in bulk calculations 
(especially for metals), but does not always work well for surface problems [147, 149]. 
The first-principles calculations are highly computationally expensive, and at present, 
they are typically limited to adsorbate/substrate systems consisted of about 100 atoms. 
Moreover, finite-temperature dynamical calculations (for example by using the Car-
Parrinello method [151]) are computationally ineffective for the study of surface 
diffusion, since the simulations typically extend only to 100 picoseconds [152]. Therefore, 
it is impossible at present, to only use the ab initio methods to study surface diffusion 
especially in large systems. Application of these methods, hence, is mostly limited to 
small systems and simple ground state (at absolute zero temperature) energetic 
calculations, such as obtaining the PES of the chemisorbed systems. 
2.4.5 60BMolecular dynamics simulations 
Molecular dynamics simulations with empirical or semi-empirical potential energy 
calculations provide a better picture of surface diffusion (see Section ‎3.2). In MD 
simulations, both of the adiabatic potential energy surface (PES) and the non-adiabatic 
coupling of the adsorbate to the surface (leading to the friction term) are exactly included. 
From the microscopic viewpoint, the MD simulations are much more detailed compared 
to the TST, MC and Langevin modeling. Therefore, since today high quality force-fields 
and computational resources are available, classical MD simulations have been widely 
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used in surface diffusion studies. Commercial [153-155] and open source [156-158] MD 
packages provide a wide range of force-fields to study realistic systems. 
   We note that full MD calculations include only the classical degrees of freedom of the 
atoms in the system. The non-adiabatic coupling of the adsorbate to the electronic 
excitations cannot be modeled using this approach, which might be important in surface 
diffusion of chemisorbed systems. But, in the absence of any feasible first-principles 
method which can take into account both temperature effects and vdW, MD offers the 
most powerful tool to study the surface diffusion. MD is especially useful for the 
physisorbed systems where the vdW forces have the dominant role in the interactions 
between the adsorbate and the substrate. In the current research, we employed MD 
simulations to study the energetics and dynamics of diffusive motion of C60 on graphene. 
There details about the MD and its suitability to study molecular surface diffusion are 
discussed in Chapter ‎3.  
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3 3BComputational techniques 
 
3.1 19BWhy was MD technique chosen for the current study? 
3.1.1 61BMolecular surface diffusion 
In contrast to adatoms, the size of the admolecules and adclusters might be larger than the 
surface unit cells, and hence adsorption sites and transition states cannot be well defined. 
Furthermore, due to the internal degrees of freedom (DOFs), admolecules can adopt 
different configurations at adsorption sites. Each of the configurations may correspond to 
a local minimum of the system PES. Thus, it is possible that the potential energy 
difference between these local minima to be of the order of the thermal energy of the 
admolecule. Therefore, the diffusion behavior cannot be considered as thermally 
activated site-to-site hopping [159].  
     To stop at the nearest adsorption site, the adsorbate must lose its translational energy 
before it crosses this site. In many examples of atomic surface diffusion, long jumps are 
rare especially for metallic adatoms on metals, indicating an efficient exchange of energy 
(high friction) in such systems [160-164]. In contrast, molecular surface diffusion mostly 
can be considered as a sequence of correlated long jumps [165, 166].  
3.1.2 62BApplication of MD simulations to study molecular surface diffusion 
The conventional TST and lattice gas model, as well as other phenomenological methods 
like Langevin dynamics cannot be used for accurate quantitative studies of molecular 
surface diffusion, since they do not distinguish between single atomic and molecular 
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adsorbates. In MD simulations all the internal degrees of freedom of the system can be 
taken into account in the simulations of surface diffusion of admolecules. Using MD 
simulations, the effects of molecular rotation on the surface diffusion can be investigated. 
Thus, MD is a very powerful method to study the dynamics of molecular surface 
diffusion.    
   In the following sections of this chapter, we briefly discuss the principles of MD 
simulations. Then, the computational techniques and calculation details used in this thesis 
are explained in detail. 
3.2 20BAn overview of MD simulations 
In MD simulations, the time evolution of a set of interacting atoms is followed via the 












F   
(‎3.1) 
where ri(t) = (xi (t), yi (t), zi (t)), and mi are the position vector and mass of the ith atom, 
respectively,  and Fi is the force vector acting on the ith atom at time t  due to interatomic 
interactions in the system. The interatomic interactions in MD simulations are prescribed 
by potential functions or force-fields (FF). 
   The force-field model describes the systems as collections of atoms kept together by the 
interatomic interactions such as chemical bonds or vdW forces. The interaction law is 
specified by the energy function, U(r1,…, rN), representing the potential energy of the  N 
interacting atoms in the system as a function of their positions, ri. Given the potential 
energy function, the force acting upon ith atom, Fi in Equation (‎3.1), is: 













Finding an accurate potential that can adequately describe the energetics of the system is 
a nontrivial problem. The atomic FF in the classical MD has a specific functional form 
with adjustable parameters. The values of these parameters are chosen to provide a good 
fit to the experimental data (empirical FF), or first-principles calculations (semi-empirical 
FF). For the MD simulation of organic materials, including graphene and fullerenes, a 
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The first three terms are related to the bonded interactions, and their summations indices 
run over all bonds, angles and torsion angles defined by the covalent structure of the 
system. The last two terms are related to the non-bonded interactions, i.e. van der Waals 
and Coulomb electrostatic interactions, respectively, and their summation indices run 
over all the atom pairs, where rij = | ri - rj |. 
   To integrate the Newton’s equation of motion (Equation (‎3.1)), which is a second order 
differential equations, the initial positions and velocities of the atoms as well as the 
instantaneous forces acting on them are needed. This is a many-body problem, and the 
equations of motion for all atoms in the system must be solved numerically. The aim of 
the numerical integration of Newton’s equations of motion is to find an expression that 
defines atomic positions ri(t+Δt) at time t+Δt in terms of the already known ri(t), i.e. 
positions at time t. To this end, the Verlet algorithm is widely used due to its stability and 
Chapter 3: Computational techniques 
42 
 
simplicity. According to this algorithm, ri(t+Δt) can be derived from the Taylor 







i   iii rrr  (‎3.4) 
The exact trajectories correspond to the limit of an infinitesimally small integration step. 
It is, however, desirable to use larger time steps to sample longer trajectories. In practice 
Δt is determined by fastest motions in the system, and often is in the order of one 
femtosecond. 
   As discussed in this section, the MD simulations explicitly solve the equations of 
motion for all atoms in the system, and the obtained trajectories allow for studying the 
dynamics of the system at the atomic level. Moreover, MD simulations have reached a 
level of accuracy comparable with experimental data, making them a valuable tool to 
study molecular surface diffusion. 
3.3 21BMD Software  
In the current work, LAMMPS (Large−scale Atomic/Molecular Massively Parallel 
Simulator) package [156, 157] is used to perform MD simulations. LAMMPS is an open 
source classical molecular dynamics code that can be used to simulate ensembles of 
particles in liquid, solid, or gaseous states. Using a variety of boundary conditions and 
force-fields, LAMMPS has been used to model atomic, polymeric, biological, metallic, 
granular, and coarse−grained systems. It can be run on any parallel machine that 
compiles C++ and supports the MPI message passing library [168].  
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3.4 22BAtomic potential 
Adaptive Intermolecular Reactive Empirical Bond Order (AIREBO) potential is used in 
current work. [169]. This potential is one of the most successful potentials, and has been 
applied to model both chemical reactions and intermolecular interactions in condensed-






















The first term, a slightly modified version of Reactive Empirical Bond Order (REBO) 
[169], is capable to handle short-range interactions (distance between atoms, r < 2 Å), as 
well as 3-body (angles) and 4-body (torsions) interactions with nearest neighbor atoms in 
hydrocarbon systems. The second term takes into account the long-range interactions (2 
Å< r < cutoff) using the standard Lennard-Jones potential with a cutoff of 12 Å. The third 
term is an explicit 4-body potential that describes various dihedral angles in hydrocarbon 
systems. In AIREBO potential, Lennard-Jones and dihedral terms can be switched on or 
off, depending on the requirement of the users. AIREBO is a distance-dependent many-
body bond order potential which is able to model bond breaking/formation in the system. 
3.5 23BCalculation details 
The simulation cell used to perform the MD simulations in the current research contains a 
single graphene sheet with dimensions of 50 Å × 50 Å. We constructed the graphene 
sheet so that its armchair and zigzag edges were oriented along the X and Y axes 
corresponding to [100] and [120] crystallographic directions of graphene, respectively. 
Periodic boundary conditions (PBC) were applied along the in-plane directions to 
represent an infinitely large substrate. The C60 molecule was positioned at the distance of 
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3.1 Å on the top of substrate in such a way that one of its hexagonal faces was oriented 
parallel to the graphene substrate (see Figure ‎3.1). Hereafter, this configuration is referred 
as ―hexagon in phase‖ (Hex.-In Phase) configuration. As it will be explained later, this is 
an initial atomic configuration which is energetically close to the equilibrium state 
(energy minimum). During our MD simulations, the C60 admolecule is free to respond to 
thermal fluctuations, and exhibits both rotational and translational motion. In order to 
study dynamics of the system, the microcanonical ensemble was used. At the beginning 
of each simulation, the energy minimization was performed to relax the atomic positions 
of the system. The Polak-Ribiere conjugate gradient (CG) method implemented in the 
LAMMPS code was used for the energy minimization. After the energy minimization, 
the velocities of the C60 molecule and the graphene atoms were assigned according to the 
Maxwell-Boltzmann distribution at a given temperature. The time step of the Verlet 
integration algorithm was chosen as 1 fs. In each MD simulation, we run at least 50,000 
integration steps (50 ps) to reach the thermal equilibrium. Then, we run 10 ns to sample 
the data. 
 
Figure ‎3.1 Schematics of atomistic model of C60/graphene system, which is used for the 
present MD simulations of surface diffusion (inset shows the top view of the model). 
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   The trajectories of the C60 center of mass (COM) at various temperatures were obtained 
from the MD simulations. The rotational and translational kinetic energies of the C60 
were calculated according to the classical mechanics of systems consisted of discrete 
particles as implemented in LAMMPS code [156, 157]. At a sufficiently long-time, the 
mean square displacement (MSD) of the C60 COM scales linearly with time and the 
tracer diffusion coefficient, D
*
, can be calculated using the best linear fit to the MSD 











   (‎3.6) 
where, RCOM is the two-dimensional position vector of the C60 COM, t is the elapsed time 
from the time origin t0, <.> denotes time or ensemble average, and d is the dimensionality 
of the system, which is equal to 2 for the surface diffusion problems. It must be 
emphasized that our aim in the current thesis is to study diffusion of a single (isolated) 
C60 admolecule, hence for the sake of simplicity, we refer to ―traced diffusion coefficient, 
(D*)‖ simply as ―diffusion coefficient, (D)‖.  
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As explained in Chapter 1, atoms, molecules and nanoparticles (such as clusters) are the 
basic building blocks for many applications in nanoelectromechanical systems (NEMS). 
When the bottom-up approach is used, these blocks are manipulated through positioning, 
packing and moving on a surface. Meanwhile, at finite temperature, a building block on a 
surface may undergo thermally-driven diffusive motion, in which it interacts with its 
surrounding atoms and experiences kinetic friction [171]. Therefore, there is an intrinsic 
connection between kinetic friction and surface diffusion at the atomic scale, which has 
recently attracted considerable attention [72, 172]. 
   Due to the scientific and technological importance of surface diffusion, a great deal of 
effort has been devoted to understand the microscopic mechanisms by which adsorbates 
move on a surface [91]. In systems with strong potential energy barriers and at low 
temperature, surface diffusion occurs through a series of uncorrelated random jumps 
between neighboring adsorption sites as described by TST (see Section ‎2.4.1). At 
sufficiently high temperatures, a crossover from the temperature activated jump regime to 
the high-temperature Brownian motion (BM) regime was theoretically described [90]. 
The Langevin equation (LE) provides a remarkably successful technique to study surface 
diffusion, especially in the case of atomic adsorbates (see Section ‎2.4.2). It characterizes 
diffusion by two phenomenological parameters: the strength of the potential energy 
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barrier Ea, and the kinetic friction coefficient η, which indicates the rate at which energy 
is transferred between the adsorbate and the surface. Assuming independency between Ea 
and η, solutions of the one-dimensional (1D) LE describes four distinct regimes of 
surface diffusion [91, 134]: 
   Regime I (single jumps): Here, the potential energy barrier (Ea) is high (comparing to 
the thermal energy (kBT) of the adparticle) and the friction coefficient η is large, the 
adsorbate mainly resides inside a local minima of the potential energy surface (PES). The 
adsorbate moves by hopping from one minimum to an adjacent neighboring minimum. 
The surface diffusion is described well by the transition-state theory. 
   Regime II (multiple/long jumps): Here, the potential energy barrier (Ea) is high, and 
the friction coefficient η is small. The adsorbate moves (hops) from one minimum to a 
distant local minimum, flying over several sites. In the limit of extremely low friction, the 
microscopic motion is stick-slip and the trajectory might be characterized as Lévy flight 
[173].  
   Regime III (quasi-continuous Brownian motion): Here, the potential energy barrier is 
low and the friction coefficient η is large. The adsorbate moves continuously without 
being confined to a single local minimum of the PES. In this case, the adsorbate motion is 
similar to motion of a Brownian particle in a high-friction (high viscosity) fluid [91].  
   Regime IV (ballistic-like Brownian motion): Here, the potential energy barrier is low 
and the friction coefficient η is small. The adsorbate moves continuously without being 
confined to a single local minimum of the system PES. It travels in trajectories with long 
linear sections resembling the directional motion of a projectile. In this case, the 
Chapter4: Transition from quasi-continuous to ballistic-like Brownian regime 
48 
 
adsorbate motion is similar to motion of a Brownian particle in a low-friction (low 
viscosity) fluid. 
   Most of the experimental observations of surface diffusion (especially in the  
chemisorbed systems with high energy barriers) were conventionally described and 
characterized by the transition-state theory and the single-hop model, although at elevated 
temperatures, multiple jumps were observed [40]. Characteristics of extremely long 
jumps (Lévy flight) were observed in systems like gold-cluster/graphite [173], and 
graphene-flake/graphene [174]. The observation of adsorbates undergoing Brownian 
motion is relatively rare [72], even though this behavior is theoretically expected at 
extremely high temperatures [90]. The high-friction Brownian motion (Regime III) was 
in the benzene/graphite system [72]. To the best of our knowledge, we are unaware of 
any experimental observation of ballistic-like Brownian motion (Regime IV).  
   Many issues associated with surface diffusion in the systems with low energy barriers 
and/or low friction still are not well understood [92]. Therefore, it is necessary to 
investigate adsorbate/substrate systems with shallow potential energy surface and low 
friction to study systems which may exhibit nanoscale ballistic-like surface Brownian 
motion. To this end, we considered the C60/graphene system which is important in current 
nanoscience research (see Section ‎1.3.3). It has been shown that a C60 monolayer between 
the graphite plates exhibits ultra-low static friction [77]. Moreover, researchers have 
reported a shallow potential energy barrier in C60/graphene system [84]. Hence, the 
C60/graphene system can be an ideal model system to study basic principles of Brownian 
motion at the nanoscale, and this system is also a promising candidate to exhibit ballistic-
like Brownian motion due to its low energy barriers and low surface friction.  
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   In the present chapter, we study the motion of an isolated C60 molecule on a graphene 
substrate, where we identify different surface diffusion regimes, crossover between them, 
and their underlying mechanisms. We show that the C60/graphene system exhibits both 
Regimes III and IV, and we reveal a crossover between them by simply increasing the 
temperature of the system. 
4.2 25BModel and methodology 
Our computational model consists of a single C60 molecule on graphene. The MD 
simulations were performed in the temperature range between 5 K and 200 K. Details of 
our computational model were given in Chapter ‎3.    
4.3 26BResults and discussions 
The trajectories of the center of mass of the C60 molecule are plotted in Figure ‎4.1 for: (a) 
ultra-low, (b) low, and (c) high temperatures. According to Figure ‎4.1(a), the single jump 
mechanism is dominant at the ultra-low temperature of 5 K. With further increasing 
temperature, our simulations show that multiple jumps gradually dominate. At about 25 
K, multiple jumps are dominant, although quasi-continuous motion is also present. Hence, 
at temperatures below 25 K, C60 primarily moves on graphene through the hopping 
mechanism. At temperatures above 25 K, however, the trajectories suggest that C60 no 
longer undergoes hopping, rather it moves continuously. Qualitatively, as it can be seen 
in Figure ‎4.1(b), at temperatures of 40 K, 50 K and 75 K, the trajectories of the C60 
molecule are consistent with quasi-continuous Brownian motion (Regime III), similar to 
that observed in the benzene/graphite system [72]. When the temperature is increased 
above 75 K, the trajectories follow a ballistic-like Brownian motion (Figure ‎4.1(c)). To 
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the best of our knowledge, no realistic system has been reported to exhibit the Regime IV, 
and a crossover between Regimes III to IV.  
 
        
 
Figure ‎4.1 Trajectories of C60 molecule on graphene surface at (a) ultra-low temperature 
regime. Single jump motion at 5 K turns to multiple (long) jump motion with increasing 
the temperature. (b) Low temperature regime, which shows quasi-continuous Brownian 
motion (Regime III). (c) High temperature regime, which exhibits ballistic-like Brownian 
motion (Regime IV). 
 
   We support our above statements through quantitative studies of the time-dependence 
of mean square displacement (MSD) of the C60’s center of mass, diffusion coefficient, D, 
and the kinetic friction coefficient, η. The diffusion coefficient, D, is calculated using the 
(a) (b) 
(c) 
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best linear fit of the MSD at different temperatures. As we discuss in Chapter ‎6, the 
surface diffusion coefficient D in the Brownian regimes relates to the kinetic friction η 
through the Stokes-Einstein theory of Brownian motion: D= kBT/(mη), where m is the 
mass of the C60 molecule. Thus, η, which is identical to the friction coefficient appeared 
in the Langevin equation (see Section ‎2.4.2), can be calculated from our simulations.   
 
 
Figure ‎4.2 Effect of temperature on the diffusion coefficient and kinetic friction of the 
C60/graphene system. (a) The Arrhenius analysis of the surface diffusion coefficient D of 
the C60 indicates the existence of two diffusive regimes with a crossover around 75 K. 
The inset of (a) illustrates that the friction coefficient decreases from 1.3 ps-1 to a value 
of an order of 0.01 ps-1 when the temperature is increased from 25 K to 200 K. (b) Mean 
square displacement (MSD) of C60 motion as a function of time at 50 K and 125 K. Note 
that at 50 K, the MSD grows linearly with time, consistent with quasi-continuous 
Brownian motion. At 150 K, the MSD is initially parabolic for time shorter than 1/ η, 
consistent with ballistic-like Brownian motion. 
 
   The variation of diffusion coefficient D with temperature is shown in Figure ‎4.2(a). 
From this plot, D appears to follow Arrhenius-like behavior with two different regimes. 
A crossover between these regimes is observed at about 75 K. The measured activation 
energies are ~11 meV and ~36 meV for the low and high temperature regimes, 
respectively. The inset of Figure ‎4.2(a) shows the calculated kinetic friction coefficient of 
the C60/graphene system as a function of temperature between 25 K and 200 K.  It can be 
Chapter4: Transition from quasi-continuous to ballistic-like Brownian regime 
52 
 
seen that as the temperature increases, the friction coefficient η drastically decreases as 
the temperature increases. This indicates that the C60 molecule experiences ultra-low 
kinetic friction at elevated temperatures. The analysis suggests that the kinetic friction 
coefficient, η, in C60/graphene system is strongly temperature dependent (see Chapter ‎6). 
The transition between Regimes III and IV can also be identified by investigating the 
behavior of MSD of the C60’s center of mass. Figure ‎4.2(b) shows the MSD curves as a 
function of time for low (50 K) and high (125 K) temperatures, which correspond to 
Regime III and IV, respectively. It is clear that at high temperature (125 K), the MSD 
curve starts as parabolic function and approaches to a straight line after a characteristic 
time of 1/η, which matches the characteristics of Regime IV [91, 134]. On the other hand, 
at 50 K, the parabolic part is not observable and the MSD curve is readily rectilinear, 
indicating the Regime III [91, 134]. In the inset of Figure ‎4.2(b), we plot the above MSD 
curves at the short time scale of about 77 ps to clearly illustrate the characteristics of the 
two regimes of Brownian motion.  
   Because of the importance of rotational degrees of freedom (DOF) in this system, it is 
not possible to completely understand the dynamics of the diffusing C60 using only the 
Langevin model for its center of mass. To this end, we examine the interplay between 
translational and rotational kinetic energies of the C60 molecule during its motion on the 
surface.  Figure ‎4.3(a) and (b) show the distinct energy conversion patterns between 
rotational and translational modes of C60 motion at 50 K (in Regime III) and 200 K (in 
Regime IV), respectively. 
 
 




Figure ‎4.3 Conversion between the translational and rotational kinetic energies of C60 
during surface diffusion on the graphene at two different temperatures. The temperatures 
are (a) T=50 K, and (b) T=200 K. The inset in (a) shows the interplay between the 
translational and rotational energies as a function of time at T=50 K with a higher 
resolution. 
 
It can be seen that in Regime III (Figure ‎4.3(a)), that is, at the low temperature regime, 
the energy transfer occurs with a higher frequency comparing to that in Regime IV 
(Figure ‎4.3(b)), that is, the high temperature regime. This pattern suggests that in Regime 
III, the energy corrugation of the surface (corresponding to the PES) plays an important 
role in the ―push-pull‖ of the energy between translational and rotational DOF, and the 
anti-correlation between these DOF occurs with a higher frequency (see Figure ‎4.3(a)). In 
contrast, in Regime IV, the overall kinetic energy of the C60 is high compared to the 
shallow PES, and the C60 receives extra kinetic energy from the high energy thermally 
excited graphene atoms in the form of instant kicks. A detailed analysis of thermal 
vibrations of single-layered graphene is addressed in the literature [172]. Here, it is 
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noteworthy that the atoms of a defect-free graphene substrate have instantaneous and 
random thermal corrugations with magnitude <uz
2
> proportional to kBT. At high 
temperatures, the role of the PES is negligible in the ―push-pull‖ of the energy between 
translational and rotational DOF. When the high speed C60 moves over the graphene 
surface, it occasionally collides with the surface thermal corrugations. Due to such 
collisions, the energy is exchanged between the C60 and the graphene, as well as between 
the C60’s translational and rotational DOF. Generally, such collisions do not lie on the 
C60’s center of mass and thus create rotational torques. As a result, translational energy is 
converted into rotational energy. On the other hand, rotating C60 may also hit another 
thermal bump of the surface and pull kinetic energy back into the translation mode. This 
process is repeated during motion and exhibits as a clear anti-correlation between 
translational and rotational kinetic energies of the C60 (see Figure ‎4.3(b)).  
   The anti-correlation between translational and rotational DOF at high temperatures 
resembles the ―ballistic nanofriction‖ process recently described by Guerra et al. in the 
gold-cluster/graphite system [172]. The mechanism of ballistic nanofriction in their work 
appears to be similar to the mechanism of motion in Regime IV reported here in two 
ways: first, it also exhibits a clear anti-correlation between rotational and translational 
kinetic energies; second, their damping mechanism is governed by the thermal 
corrugation, and not the potential corrugation of the substrate.  Nevertheless, there is a 
fundamental difference between our and their work. In their work, the ballistic regime 
was achieved by applying a large instantaneous external force to the gold cluster to 
generate an initial kick. Hence the gold particle is not in thermal equilibrium, and the 
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linear-response theory and the Einstein theory of Brownian motion are no longer 
applicable to their motion.  
 
 
Figure ‎4.4 The effect of rotational degrees of freedom of C60 on the potential energy 
surface (PES). (a-e) Various configurations are used to examine the PES profiles. These 
configurations are named as: (a) Hex.-In Phase; (b) Hex.-Out Phase; (c) Pentagon; (d) 
Line-In Phase; and (e) Line-Out Phase; (f) Three-dimensional PES for the Hex.-In 
configuration. (g) The contour plot of the PES in (f). The white arrow in (g) indicates the 
diffusion path with the lowest energy barrier. The arrangement of graphene atoms and 
their bonds is illustrated in the insets. (h) and (i) show the PES profiles for the C60 with 
different facets as shown in (a-e) during translation along the [100] and [120] 
crystallographic directions of graphene, respectively.   
 
   Since the PES plays an important role in the characteristics of diffusive and quasi-
continuous motion of C60 on graphene (Regime III), we examine the PES of C60/graphene 
Chapter4: Transition from quasi-continuous to ballistic-like Brownian regime 
56 
 
system by including the effects of both the facets and finite size of C60 (see Figure ‎4.4). 
Figure ‎4.4(f) shows the PES calculated for the Hex.-In Phase configuration of the C60 on 
graphene (see Figure ‎4.4(a)). According to Figure ‎4.4(f), the magnitude of PES in 
C60/graphene system is in the order of a few meV, which is reasonable in a physisorbed 
system. Such a ―flat PES‖, in the order of a few meV, has been also reported recently in 
the physisorbed benzene/graphite system [72]. 
   The contour plot of the energy surface of Figure ‎4.4(f) is presented in Figure ‎4.4(g), in 
which a path (indicated by the white arrow) parallel to the [120] crystallographic 
direction of the graphene is illustrated. This path indicates a smooth diffusive passage 
with a negligible energy barrier of about 4 meV. Therefore, it might be expected that the 
trajectories of the C60 molecule must be confined in this minimum energy path. However, 
this is not the case in the temperature range studied in the current work. According to 
Figure ‎4.4(h-i), when a C60 molecule faces an energy barrier, the molecule can overcome 
it by rotating to another configuration with an even lower barrier. We illustrate such 
scenario using Figure ‎4.4 (h): the C60 in the Hex.-In Phase orientation may move from 
Point 1 to Point 5 along the [100] direction, where it has to overcome an energy barrier of 
about 26 meV. However, at Point 2, it can partially tilt to the Line-In Phase orientation 
(see Figure ‎4.4(d)) and move to Point 3 and then to Point 4 by crossing a lower energy 
barrier. After passing Point 4, the C60 can tilt back to the Hex.-In Phase orientation and 
continue its way along [100] direction to Point 5. Energetically, this whole process is 
more favorable. Therefore, we conclude that the rotational degrees of freedom of C60 
together with its faceted shape offer various possible paths on the graphene substrate with 
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low energy barriers. Consequently, there is no preferable diffusion path for C60 on 
graphene in Regime III.  
   It must be noted that chemical modification of graphene, which is widely used to 
control its electronic properties, may have significant effects on the PES of the 
C60/graphene system,  and cause a drastic change in the diffusive behavior of the C60 
molecule. This concept will be discussed in Chapter ‎7.  
4.4 27BSummary 
In this chapter, the thermally-induced motion of C60 on the graphene surface with a 
shallow potential energy surface was investigated. We found that the C60/graphene 
system exhibits two distinct regimes of surface Brownian motion. For the first regime, 
the C60 molecule exhibits a quasi-continuous Brownian motion (Regime III) in the 
temperature range of 25-75 K. For the second one, the C60 molecule follows a ballistic-
like Brownian motion (Regime IV) at temperatures above 75 K. These two regimes of 
Brownian motion imply the existence of two distinct mechanisms of energy exchange 
between the admolecule and the substrate. In Regime III, the PES of the system, i.e. the 
potential energy corrugation, has a dominant role in the exchange of energy between C60 
and graphene. In contrast, the thermal corrugation of the graphene plays a dominant role 
in Regime IV. The crossover between these two regimes arises from the change in the 
system temperature. The present findings not only provide insights into controlling the 
surface mass transport and nanoscale kinetic friction, but also may guide experimentalists 
to observe and characterize the intriguing diffusive regimes in the C60/graphene system 
and to explore new materials for nanoscale electro-mechanical applications.  
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Molecules, nanoparticles and nanoclusters, which are shown to exhibit various 
fascinating structural, electronic, magnetic and optical properties, are the basic building 
blocks for constructing functional structures and nanodevices [27, 96, 175]. Under 
thermal activation and/or external fields, these nanoscale building blocks are often 
required to perform specified movements. However, how to precisely control their 
motion to achieve the prescribed trajectory or mobility is an on-going research topic [95, 
176, 177]. In contrast to an adatom, these building blocks have rotational degrees of 
freedom (DOFs) and occupy a finite space, whose dimensions are generally larger than 
the interatomic spacing. As a consequence, their diffusion behavior is more complex than 
their atomic counterpart [93, 94]. Hence, understanding the effect of rotational DOFs of 
these basic building blocks on their diffusion behavior is not only important to control 
molecular motion, but also essential for many applications such as nanotribology [172], 
molecular machinery and nanoelectromechanical systems (NEMS) [178].   
   The diffusive behavior of a molecule (nanoparticle or nanocluster) on a substrate is 
fundamental in many practical applications. The complexity of molecular surface 
diffusion raises questions in using existing atomic diffusion theories to interpret 
molecular diffusion [93]. The conventional and widely used model of surface diffusion is 
based on the transition state theory (TST), which describes the diffusion of an adsorbate 
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as the result of a series of thermally activated and uncorrelated random jumps (hopping) 
between adjacent adsorption sites [91], and the diffusion process is primarily controlled 
by the profile (shape) of the potential energy surface (PES) of the system (see 
Section ‎2.4.1)  [90, 91]. Recognizing the importance of rotational DOFs of nanoscale 
building-blocks, several studies were performed to understand their effect on the 
diffusion and friction mechanisms [178-183].  For example, theoretical studies [165, 184, 
185] showed that even in the simplest case of rigid molecule consisting of only two or 
three atoms, rotational DOFs can enhance the surface diffusion rate. Molecular dynamics 
(MD) studies [186] indicated that the energy barrier of lateral diffusion of an admolecule 
can be overcome by changing the configuration or orientation of the admolecule. MD 
simulations [187] also revealed that in the absence of rotational DOFs, a benzene 
molecule performs stick-slip motion which is accompanied by frequent occurrence of 
long jumps (flights) on a graphite substrate. The correlation between rotation and 
translation of adsorbed nanoclusters has been reported in different regimes of motion 
(diffusive and ballistic) [172]. Despite of all theoretical and experimental efforts, several 
important questions regarding molecular diffusion remain unanswered: 1) How do the 
rotational DOFs affect the diffusion regimes? 2) What is the role of rotational DOFs in 
the interaction between an admolecule and substrate? 3) How to quantify the effect of 
rotational DOFs on the mobility of admolecule in each regime?  
   Motivated by the intriguing questions discussed above, we chose C60/graphene as a 
model system to study the effect of rotational DOFs of the C60 molecule on its diffusive 
behavior on graphene.  As it is noted in Section ‎1.3.3, a detailed understanding of the 
motion of C60 molecule in various environments, including on surfaces and membranes, 
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is crucial for development of promising applications in nanoscience and technology [84, 
188]. Hence, the physisorbed C60/graphene is an ideal system for investigating the role of 
rotational DOFs in molecular surface diffusion. In the current chapter, we present our 
systematic simulations of the C60/graphene system in a wide range of temperature in the 
presence and absence of C60 rotational DOFs. We then analyze and compare the resulting 
diffusive regimes and their corresponding mobilities. Our goal is to address the issues 
raised above, that is, how C60 rotational DOFs affect its surface diffusion regimes and 
their corresponding mobilities. 
5.2 29BModel and methodology 
The computational model consists of a single C60 admolecule and a graphene substrate. 
Following the procedure described in Chapter ‎3, the MD simulations were performed at 
the temperature range of 5 K to 200 K. The trajectories of the C60 center of mass (COM) 
at different temperatures were obtained from the simulations. Based on the MD technique 
used in the current work, all degrees of freedom of the system, including the C60 
rotational DOFs, were explicitly taken into account. In order to study the effect of 
rotational DOFs on the dynamics of surface diffusion and mobility of C60, a second series 
of simulations were also performed at the same temperature range, in which, however, 
the rotational DOFs of the C60 were frozen based on the energy separation technique and 
routines provided by LAMMPS package  [189, 156, 157]. It is noteworthy that in these 
simulations, only the rotational DOFs of the C60 were frozen while all other DOFs of the 
system remained untouched. The results of two different sets of simulations (in the 
presence and absence of C60 rotation) were analyzed and compared with each other to 
examine the effect of rotational DOFs on the surface diffusion of the C60 admolecule. For 
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simplicity, hereafter, the C60 admolecule in the presence and absence of rotational DOFs 
are referred to as R-C60 and NR-C60, respectively. 
5.3 30BResults and discussion 
 
Figure ‎5.1 Different regimes of surface diffusion in C60/graphene system according to the 
effect of temperature and rotational degrees of freedom (DOFs) of the admolecule. In the 
case of rotational C60 (the set of arrows in red), the single jump (SJ) regime dominates 
below 25 K. Between 25 K and 75 K, there is a quasi-continuous Brownian motion 
(QCBM) regime, which turns into the ballistic-like Brownian motion above 75 K. On the 
other hand, in the case of non-rotational C60 (the set of arrows in blue), the single jump 
regime (SJ) extends up to 50 K, and then turns into Long Jump (LJ) regime above 50 K. 
The LJ regime extends up to 175 K and finally there is a BLBM regime at elevated 
temperature similar to the case of rotational C60. 
 
The simulations were performed to identify and characterize different diffusion regimes 
in both R-C60 and NR-C60 systems. The qualitative studies of spatial and temporal 
trajectories of the admolecule as well as quantitative analysis of its mobility (surface 
diffusion coefficients, D, were carried out and compared. Figure ‎5.1 summarizes the 
different diffusion regimes of both systems as a function of temperature. From the upper 
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set of arrows (red color) of Figure ‎5.1, it is seen that the R-C60 at temperatures below 25 
K exhibits the thermally activated hopping motion (stick-slip motion) dominated by 
single jumps (SJ regime). An increase in temperature leads a transition to Brownian 
motion (BM) with two distinct regimes:  the quasi-continuous Brownian motion (QCBM) 
between 25 K and 75 K, and the ballistic-like Brownian motion (BLBM) above 75 K. It 
is noted that the crossover from thermally activated jump regime to Brownian motion by 
increasing temperature was theoretically predicted [90]. In reality, however, observation 
of an adsorbate undergoing Brownian motion is relatively rare [72],  and the existence of 
these two distinct regimes of Brownian surface diffusion in the R-C60/graphene system 
was just recently reported [188]. The lower set of arrows (blue color) in Figure ‎5.1 shows 
that the NR-C60 exhibits the SJ motion with temperatures up to 50 K. At temperatures 
between 50 K and 175 K, the NR-C60 still performs stick-slip motion; however, its 
dynamics is dominated by frequent occurrence of very long jumps (flights).  At 
temperatures above 175 K, the NR-C60 also undergoes BLBM regime. Clearly, the 
rotational DOFs are able to alter the regimes of surface diffusion. In the following, we 
present our qualitative and quantitative analyses of these diffusive regimes.  
   To qualitatively demonstrate the diffusive regimes of C60 admolecule appeared in 
Figure ‎5.2, we plot the spatial (x-y) trajectories (4 ns) for each regime in Figure ‎5.2. This 
figure presents the trajectories of R-C60 and NR-C60 in top and bottom rows ((a) and (b) 
series), respectively. In the case of R-C60 (Figure ‎5.2(a) series), it is seen that the single 
jump (SJ) motion is dominant at low temperature of 5 K (Figure ‎5.2(a1)). With increasing 
temperature, multiple jumps gradually kick in. It is well-known that in the thermally 
activated jump regime, trajectories of an admolecule might be correlated with the profile 
Chapter 5: Effect of rotational degrees of freedom on molecular mobility 
63 
 
of the PES of the system [90, 190]. Above 25 K (Figure ‎5.2(a2)), the C60 admolecule no 
longer performs random hopping, rather it moves continuously at temperatures up to 75 
K, and its trajectory is consistent with quasi-continuous Brownian motion (QCBM 
regime), similar to that observed in the benzene/graphite system [72]. With further 
increasing temperature above 75 K (Figure ‎5.2(a3)), the trajectories follow a ballistic-like 
Brownian motion (BLBM). A comparison between Figure ‎5.2(a2) and 2(a3) implies that 
in the QCBM and BLBM regimes, the trajectories of R-C60 admolecule resemble a 
Brownian motion in high friction (high viscosity) and low friction (low viscosity) regime, 
respectively [91].  
 
Figure ‎5.2 Typical trajectories of C60 admolecule on graphene illustrate various surface 
diffusion regimes in the system at different conditions: (a) in the presence of rotational 
DOFs (a1: SJ, a2: QCBM, a3:  BLBM), and (b) in the absence of rotational DOFs (b1: SJ, 
b2: LJ, b3:  BLBM).  
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   According to Figure ‎5.2(b1), for NR-C60 at low temperatures below 50 K, the 
admolecule exhibits thermally activated hopping mechanism dominated by single jumps. 
Increasing the temperature leads to increasing the length of random jumps. Figure ‎5.2(b2) 
shows the typical trajectories of NR-C60 in the LJ regime. Comparing Figure ‎5.2 (b1) and 
Figure ‎5.2(b2) reveals that the anisotropic stick-slip motion, i.e. thermally activated 
jumps in certain crystallographic directions, is a common feature of the trajectories in the 
SJ and LJ regimes for NR-C60. However, once the NR-C60 in the LJ regime acquires 
enough translational energy towards a specific direction, it performs relatively very long 
jumps (flights) in comparison with the lattice parameter of the graphene. A visual 
inspection of trajectories in Figure ‎5.2(b2) reveals that the stick-slip motion of NR-C60 in 
LJ regime resembles a Lévy flight [191] pattern of diffusion. Similar Lévy flight pattern 
was also reported in a few other systems, such as gold-cluster/graphite and graphene-
flakes/graphene [173, 174, 192]. Figure ‎5.2(b3) presents the typical trajectories of NR-
C60 in the BLBM regime, which is similar to the BLBM in the rotational case. 
   From Fig. 2, it is seen that the trajectory of SJ regime of R-C60 (Figure ‎5.2(a1)) is 
similar to that of NR-C60 (Figure ‎5.2(b1)).  However, in the absence of rotational DOFs, 
the SJ regime extends up to about 50 K. Moreover, in the SJ regime, the trajectories of 
both R-C60 and NR-C60 are anisotropic following certain crystallographic pathways on the 
graphene substrate. Additionally, in the BLBM regime, the trajectories of both R-C60 and 
NR-C60 (Figure ‎5.2(a3) and 2(b3), respectively) are alike, since in both cases, the 
admolecule moves continuously, similar to a free Brownian particle without confining to 
any pathway.  




Figure ‎5.3 Temporal evolution of the position of C60 COM, R, in the presence (red curves) 
and absence (blue curves) of rotational DOFs at different temperatures: (a) 15 K, (b) 40 K, 
(c) 100 K, (d) 200 K. (a) At very low temperature of 15 K, the C60 molecule exhibits a 
stick-slip (hopping) pattern of motion (the sticking intervals separated by jump events) 
even in the presence of rotational DOFs. (b) At 40 K, in the absence of rotational DOFs, 
the C60 admolecule still moves by hopping mechanism (dominated by single jumps). 
However, in the case of rotational admolecule, there are no sticking intervals and the 
molecule performs Brownian motion (QCBM regime).  (c) At 100 K, the rotational C60 
clearly performs a Brownian motion, where in the absence of rotational DOFs, it still 
exhibits stick-slip motion during which very long jumps (flights) are observable. (d) At 
200 K, in the presence and absence of rotational DOFs, the C60 molecule does not stick to 
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   To have a clearer qualitative comparison between surface diffusion of C60 admolecule 
in the presence and absence of rotational DOFs, we further analyze the evolution of C60 






, where x and y are the 
coordinates of the C60 COM at time t. The variation of Rt in time as shown in Figure ‎5.3 
is able to reveal the occurrence of trapping in local energy minima, and discriminate 
between stick-slip and Brownian motion. From Figure ‎5.3(a), it can be seen that at very 
low temperature of 15 K, the C60 molecule exhibits a stick-slip (SJ) motion with localized 
vibrations at adsorption sites both in the presence and absence of rotational DOFs. The 
sticking intervals are separated by hopping events. At 40 K (Figure ‎5.3(b)), NR-C60 still 
diffuses by hopping mechanism which is dominated by single/short jumps (SJ regime); 
whereas R-C60 moves almost continuously without trapping at adsorption sites (QCBM 
regime). At 100 K (Figure ‎5.3(c)), R-C60 exhibits continuous BM; whereas NR-C60 still 
exhibits stick-slip diffusion with frequent occurrence of long jumps (similar to Lévy 
flight). Comparing the Rt curves of NR-C60 in Figure ‎5.3(a, b and c) indicates a crossover 
in the surface diffusion of NR-C60 from the SJ to LJ regime. At 200 K (Figure ‎5.3(d)), the 
temporal trajectories of R-C60 and NR-C60 are almost identical and the admolecule 
undergoes a Brownian motion, corresponding to the BLBM regimes in Fig. 1.  
   The quantitative analysis was also carried out to characterize the diffusive regimes of 
C60/graphene system for both R-C60 and NR-C60. The diffusion coefficient, D, was 
calculated using the best linear fit to the MSD curves for the temperature range of 10 K to 
200 K. The variation of the logarithm of D versus the inverse of the temperature is 
plotted in Fig. 4 for both R-C60 and NR-C60. To analyze the temperature dependence of 
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the diffusion coefficient, D, we employed the widely used Arrhenius form consisting of a 














a  (‎5.1) 
 
where Ea is the activation energy of the diffusion process.  
 
         
Figure ‎5.4 Effects of temperature and rotational DOFs on the diffusivity of the C60 
admolecule on graphene surface. The Arrhenius analysis of surface diffusion coefficient, 
D, indicates that in the temperature range of 10 K to 200 K, and in the presence or 
absence of rotational DOFs, the system undergoes distinct regimes of surface diffusion. 
 
   If the adsorbate follows the traditional description of surface diffusion based on the 
single jump mechanism and the transition state theory (TST) at the entire temperature 
range, the Arrhenius analysis would offer a perfect linear fit, and the resulted activation 
energy of diffusion would coincide with the potential energy barrier of the diffusion path 
[91].  However, Figure ‎5.4 illustrates that at the studied temperature range, the values of 
D for both R-C60 and NR-C60 deviate from a single linear fit. Hence, a single value of 
activation energy cannot be assigned to explain the dynamics of the systems, but rather, 
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D appears to follow several Arrhenius regimes with different activation energies. The 
corresponding D0 and Ea values of the Arrhenius regimes and their corresponding 
temperature ranges are summarized in Table ‎5.1. 
 
Table ‎5.1 Arrhenius parameters of different diffusive regimes and their corresponding 
temperature ranges in the presence and absence of admolecule rotational DOFs (R-C60 
and NR-C60, respectively). 
 
System Regime D0 (Å
2/ps) Ea (meV) Temperature range (K) 
 
R-C60/graphene 
SJ 0.12 3.8 < 25 
QCBM 4.6 11.3 25-75 
BLBM 330.3 36.4 > 75 
 
NR-C60/graphene 
SJ 0.14 4.1 <50 
LJ 107.2 29.6 50-175 
BLBM 343.9 37.8 >175 
 
   In order to illuminate the mechanisms of different regimes of surface diffusion for both 
R-C60 and NR-C60, we would like to address a key question: why does NR-C60 follow the 
same directional pathway in its SJ and LJ regimes (see Figure ‎5.2(b1, b2))? To answer 
this question, we study the PES of the C60/graphene system since it plays an important 
role in diffusion dynamics behind the scene of admolecule motion. The most stable 
configuration of C60, that, is, one of its  hexagons is oriented parallel to the hexagons of 
the graphene substrate [193, 194], was used to generate the PES of the system. We refer 
to this atomic configuration (see Figure ‎3.1) as ―hexagon in phase‖ (Hex.-In Phase), and 
the same configuration was used in diffusion simulations of NR-C60. The 3D PES is 
presented in Figure ‎5.5(a), and its corresponding contour plot is presented in 
Figure ‎5.5(b). 





Figure ‎5.5 Three dimensional potential energy surface (PES) of the C60/graphene system 
for the Hex.-In Phase configuration. (b) The corresponding contour plot of the PES. The 
potential energy profile of the path in the [100] crystallographic direction of graphene 
(the horizontal red arrow), is plotted on the top inset; while the potential energy profile of 
the path in the [120] crystallographic direction of graphene (the vertical blue arrow), is 
plotted on the right inset.  
 
   The PES of the C60/graphene system has a global minimum and maximum when the 
vertical projection of the C60 COM coincides with the center of sp
2
 bonds of the graphene 
carbon atoms, and with the geometrical center of the graphene hexagons, respectively. 
The difference between minimum and maximum values of the potential energy is about 
26 meV. This relatively shallow PES is due to the weak van der Waals interactions 
between the physisorbed C60 admolecule and the graphene substrate. In addition, the PES 
of the C60/graphene system has an interesting feature: there is a pathway parallel to the 
[120] crystallographic direction of the graphene (indicated by the vertical blue arrow in 
Figure ‎5.5(b)), along which there is a minimum energy barrier of about 4 meV (as 
illustrated by the potential energy profile in the right inset of Figure ‎5.5(b)). This pathway 
implies an energetically smooth channel for C60 to diffuse on graphene.  Note that the 
energy barrier along the [100] crystallographic direction of the graphene, which is 
(b) (a) 
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indicated by the horizontal red arrow in Fig (5b), is about 6 times higher than that along 
the [120] direction (see the corresponding potential energy profile in the top inset 
Figure ‎5.5(b)). Hence, it can be expected that the trajectories of the NR-C60 admolecule 
should be confined in the diffusion channels parallel to the <120> family of graphene 
crystallographic directions. Indeed, this expectation is in good agreement with the 
directional trajectories of the NR-C60 in its SJ and LJ diffusive regimes since they follow 
the <120> directions. At elevated temperatures, the NR-C60 transits to the BLBM regime, 
since the admolecule thermal energy is comparable with the height of the diffusive 
channels. Hence its diffusion should no longer be confined by the profile of the PES of 
the system, and thus the admolecule performs a free Brownian motion as seen in Fig. 
2(b3). 
   According to the Figure ‎5.2 and Figure ‎5.3, the R-C60 exhibits continuous motion in its 
QCBM regime and it is not localized in any adsorption site or confined in a certain 
pathway, whereas at the same temperature range, the NR-C60 exhibits stick-slip motion 
along the diffusive channels in <120> direction. To uncover the origin of this difference 
between two systems, we consider the effects of C60 rotational DOFs together with the 
finite-size facets on the PES of the system. In Chapter ‎4 we show that when the R-C60 
admolecule faces an energy barrier on the PES of the system, it can overcome the barrier 
by rotating/tilting to another configuration with a lower energy barrier. Therefore, in the 
QCBM regime, the rotational DOFs of C60 provide a variety of low energy pathways for 
the admolecule to surpass the energy barriers, and consequently, there is no preferable 
diffusion pathway as the case of NR-C60. However, at elevated temperatures, both R-C60 
and NR-C60 undergo BLBM, which is independent of the PES of the system.   
Chapter 5: Effect of rotational degrees of freedom on molecular mobility 
71 
 
   The mechanisms described above together with our quantitative analysis of diffusion 
coefficients for both R-C60 and NR-C60 can be used to explain the overall effect of 
rotational DOFs on the mobility of C60 admolecule and the temperature range at which 
this effect is more pronounced. From Figure ‎5.4 it can be seen that the diffusion 
coefficient of both systems (R-C60 and NR-C60) are almost identical in the SJ and BLBM 
regimes. In the SJ regimes, the activation energy of diffusion for both R-C60 and NR-C60 
is about 4 meV. This is in agreement with the dynamics of surface diffusion of the C60 in 
the SJ regime, which is dominated by hopping between nearest shallow adsorption sites 
(~ 4 meV) along the diffusion channels parallel to the <120> crystallographic directions 
of graphene. As it is seen in Figure ‎5.4, the rotational DOFs clearly enhance the mobility 
of admolecule in the QCBM regime; while at the same temperature range, the NR-C60 
still performs stick-slip motion along the confined diffusive channels. Therefore, it can be 
concluded that the role of rotational DOFs is to enhance the mobility of C60 admolecule 
by helping it to overcome the energy barriers of the PES in the temperature range of 
QCBM regime (25 K-75 K).  
   Nanoscale devices such as molecular motors often operate at finite temperatures [22, 81, 
195]. Clearly at different temperature regimes, the rotational DOFs of an admolecule can 
have different impacts on the mobility of the admolecule. The present work provides a 
framework to control the mobility of these nanoscale building-blocks. Moreover, it is 
known that surface BM is independent of the PES profile of the system, and the dynamics 
of motion in the Brownian regime is dominated by kinetic friction [72, 186, 190]. 
Therefore, there is a natural link between molecular diffusion and frictional forces in the 
Brownian regime. Hence the presented results provides an opportunity to study the 
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molecular kinetic friction in two different Brownian regimes (QCBM and BLBM), which 
is investigated in Chapter ‎6. 
5.4 31BSummary 
In this chapter, we studied the effect of rotational DOFs on the surface diffusion behavior 
of an admolecule. The C60/graphene was used as a prototypical physisorbed system. We 
showed that at very low temperature limit, that is, T < 25 K, the dynamics of surface 
diffusion in both R-C60 and NR-C60 follows the stick-slip motion dominated by jumps 
between nearest adsorption sites, which is in agreement with the traditional picture of 
surface diffusion. At elevated temperatures (T > 175 K) both R-C60 and NR-C60 are in the 
BLBM regime and their mobility becomes almost identical. The most pronounced effect 
of rotational DOFs on the surface diffusion of the admolecule appears in the QCBM 
regime of the R-C60 (at about 25 K and 75 K). In this regime, the rotational DOFs 
enhance the mobility of C60 by providing alternative routes for the admolecule to 
overcome the energy barriers of the PES so that it performs nearly continuous Brownian 
motion on the surface; while in the absence of rotational DOFs, the NR-C60 still performs 
a confined stick-slip motion in the diffusive cannels along the <120> crystallographic 
directions of the surface. Our work provides insights and guidelines for controlling 
molecular motion. 
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In developing high-performance mechanical-electrical nanodevices using bottom-up 
approaches, understanding frictional mechanisms in different regimes for various basic 
building blocks is essential  [194, 196, 197]. Such understanding allows us to quantify the 
frictional forces at single-atomic/molecular level, offering possibilities to precisely 
manipulate these building blocks by controlling their driving forces. To this end, various 
advanced nanomechanical testing techniques, such as scanning tunneling microscopy 
(STM), atomic force microscopy (AFM), and friction force microscopy (FFM) have been 
employed to examine surface molecular mobility and measure their frictional forces [49, 
50, 198]. However, it is still a challenge to track the motion of individual admolecules 
and measure the kinetic frictional forces imposed on them by the substrate [72].  
   In Chapters ‎4 and ‎5, we discussed that admolecules might exhibit continuous Brownian 
motion (BM), which is distinct from the traditional picture of surface diffusion described 
by thermally activated jump mechanism between neighboring adsorption sites [72, 90, 
186]. The dynamics of such admolecules is dominated by a kinetic friction term 
resembling the BM of a microscale solute particle suspended in a solvent fluid [72, 190]. 
Hence, experiments and simulations have been conducted to establish the connection 
between molecular diffusion/drift and kinetic friction at thermodynamic equilibrium [190, 
199]. In the microscale systems, Einstein’s theory of BM [200] has been widely 
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employed to characterize the physical properties of the Brownian particle environment 
such as viscosity or surface forces based on the single particle tracking techniques [100, 
201-203]. In the Einstein theory, the tracer diffusion coefficient of a Brownian particle, D, 
is related to the frictional forces acting on the particle by its surrounding media according 
to the Stokes-Einstein (SE) relation with a general formulation of [204]:  
 
,/ TkD B  
(‎6.1) 
 
where kB is the Boltzmann constant, T is absolute temperature, and γ  is the Stokes 
coefficient described by: 
 vFfric / , (‎6.2) 
 
where Ffric is the friction force acting against the motion of the particle,  and v is its 
velocity.  Hence, the frictional force is related to Stokes coefficient, γ, which is system- 
and temperature-dependent. When a solute particle exhibits Brownian motion in a solvent 
fluid, γ tends to fall by increasing temperature [205]. In gaseous state, however, it 
increases with increasing absolute temperature (T) and is found to be proportional to T
1/2 
[205, 206]. In liquids, a variety of empirical models have been proposed to predict the 
temperature dependency of liquid viscosity. A common prediction of these models is that 
the viscosity of a liquid follows an exponential or Arrhenius-like decay by increasing the 
temperature [205, 207].    
   At the nanoscale, BM of admolecules appears in a variety of NEMS applications. A 
few examples to name are  protein motors  [208], molecular cargoes [209], nanobearings 
[194, 210],  and building block or precursor materials such as C60 or aromatic molecules 
on graphene/graphite substrates [72, 84, 188, 189]. Consequently, it is both important and 
necessary to understand the role of γ in the BM of admolecules, and identify the 
Chapter 6: Effect of temperature on kinetic nanofriction of a Brownian adparticle 
75 
 
quantities that influence γ. However, the fundamental understanding of Stokes friction in 
these nanoscale systems is still limited. Moreover, since the molecular systems are 
operative in a finite-temperature ambient, how the Stokes friction depends on temperature 
is largely unknown. In most of the existing phenomenological models, the Strokes 
coefficient is often assumed to be temperature-independent, and used to study the generic 
response of the system for a given set of parameters [111, 211]. In a recent effort, 
Hedgeland et al. [72] experimentally measured the diffusion coefficient of a benzene 
molecule on graphite surface to obtain frictional coefficient of the system in a narrow 
temperature range around 140 K. The sliding friction force of a gold cluster on graphite at 
a variety of temperatures was theoretically investigated [60]. It was assumed that the gold-
cluster diffusion on graphite followed a BM and the SE relation was applicable. However, 
the actual dynamics of this system was found to be controlled by thermally activated 
jumps rather than BM. Clearly, the temperature dependence of friction coefficient of a 
nanoscale molecule exhibiting continuous BM is still unclear.  Hence, the main objective 
of the present study is to understand and further establish the relation between kinetic 
nanofriction coefficient and temperature. 
   In the present chapter, we consider the C60/graphene as a prototypical physisorbed 
system, which has a shallow potential energy surface (PES), to study the kinetic 
nanofriction in a wide range of temperatures. In Chapters ‎4 and 5, we show that the C60 
molecule exhibits continuous BM on graphene substrate at temperatures above 25 K. 
Consequently, in this chapter we employ the Stokes-Einstein (SE) relation to calculate 
the friction coefficient of the system from the molecular trajectories and formulate its 
temperature dependence.  
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6.2 33BModel and Methodology 
Our computational model consists of a single C60 molecule on top of a graphene sheet. 
The trajectories, energetics and dynamics calculations were performed in the temperature 
range of 5 K to 200 K. Details of atomic configurations, and MD simulations are 
provided in Chapter ‎3. The trajectories of the center of mass (COM) of C60 at any given 
temperature were obtained from the MD simulations. Then, the values of diffusion 
coefficient D were extracted by using the best linear fit to the mean square displacement 
(MSD) curves at sufficiently long time according to: 
 
,2)(2 dDttrMSD   (‎6.3) 
 
where  r is the displacement of  the particle’s COM with respect to the origin, t is the 
time, <.> denotes time or ensemble average, d is the dimensionality of the system, which 
is equal to 2 for the surface diffusion problems. Here, it is important to clarify the validity 
of Equation (‎6.3). This equation is valid in a sufficiently long timescale where a 
Brownian particle is in diffusive regime, i.e. t >> τp, where  /mp   is the momentum 
relaxation time of the Brownian particle, where  m is the particle’s mass [212]. At a short 
time scale (t << τp), the particle performs a ballistic motion and its dynamics is 
dominated by the inertia effect, and as a consequence, its MSD diverges parabolically 
with time.  At longer times, there is a transition from the ballistic to diffusive regime.  
6.3 34BResults and discussion 
Typical trajectories of COM of the C60 admolecule are shown in Figure ‎6.1, which 
illustrates thermally activated hopping motion below 25 K (Figure ‎6.1(a)), and Brownian 
motion above 25 K (Figure ‎6.1(b, c)). It is seen that the single jump mechanism is 
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dominant at the very low temperature of 5 K (Figure ‎6.1(b)), and with increasing 
temperature, multiple jumps kick in and gradually become dominant. In the thermally 
activated jump regime, trajectories of the admolecule are in correlation with the geometry 
of PES of the system [90, 188]. At about 25 K, multiple jumps dominate, although quasi-
continuous motion is also observable. At above 25 K, the C60 admolecule on graphene no 
longer undergoes hopping, rather it moves continuously. Qualitatively, as it can be seen 
in Figure ‎6.1(b), at temperatures up to 75 K, the trajectories of the C60 molecule are 
consistent with quasi-continuous Brownian motion (QCBM), similar to that observed in 
the benzene/graphite system [72]. With further increase in temperature above 75 K 
(Figure ‎6.1(c)), the trajectories follow a ballistic-like Brownian motion (BLBM). A 
comparison between Figure ‎6.1(b) and Figure ‎6.1(c) implies that in Brownian regime, the 
trajectory of the C60 molecule resembles a BM with high friction (high viscosity) at 
temperatures between 25 K and 75 K (Figure ‎6.1(b)), while this molecule performs a BM 
with low friction (low viscosity) above 75 K (Figure ‎6.1(c)).  
 
           
Figure ‎6.1 Trajectories of C60 molecule on graphene surface.  (a) Single jump motion at 5 
K turns to multiple (long) jump motion with increasing the temperature. (b) Brownian 
motion of the admolecule resembles high friction (high viscosity) BM below 75 K 
(QCBM regime), and (c) low friction (low viscosity) BM above 75 K (BLBM regime). 
 
(a) (b) (c) 
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, where x and y are the coordinates of the C60 COM at time t. The 
variations of Rt in time can reveal the occurrence of trapping in an adsorption site. From 
Figure ‎6.2, it can be seen that the C60 molecule exhibits a stick-slip (hopping) motion at 
very low temperature (see the inset of Figure ‎6.2, for a better spatial resolution of R at 15 
K). In this regime, the diffusive motion of the C60 admolecule consists of sticking 
intervals when the admolecule exhibits localized vibrations at an adsorption site. These 
sticking intervals are separated by hopping events. However, in Figure ‎6.2, the sticking 
intervals are absent at elevated temperatures, indicating the BM of the admolecule. 
  
 
Figure ‎6.2 Brownian and hopping (stick-slip) surface diffusion. Temporal evolution of 
positional distance of the C60 center of mass from the origin, R, illustrates that at very low 
temperature of 15 K, the C60 molecule exhibits a stick-slip (hopping) pattern of  motion 
(inset: higher spatial resolution of  R at 15 K). In contrast, at elevated temperatures, the 
particle is highly mobile and exhibits a continuous BM. 
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Figure ‎6.3 Evaluating the temperature effect on the dynamics of surface diffusion and 
kinetic nanofriction in C60/graphene system. (a) The Arrhenius analysis of surface 
diffusion coefficient, D, indicates that in the temperature range of 25 K to 200 K,  the C60 
admolecule exhibits two distinct regimes of Brownian motion  with a crossover at about 
75 K. The inset of (a) shows the kinetic nanofriction coefficient, η, calculated from D and 
velocity autocorrelation function (VACF), Φ, at different temperatures. (b) Normalized 
ΦNorm exponentially decays with time.  The characteristic time τp= 1/ η (according to the 
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   The diffusion coefficient, D, at different temperatures is calculated using the best linear 
fit to the MSD curves. The variation of the logarithm of D versus the inverse of 
temperature is plotted in Figure ‎6.3 for the temperature range of 25 K to 200 K. An 
Arrhenius form consisted of a prefactor, D0, and an exponent is employed to characterize 














  (‎6.4) 
 
where Ea is the activation energy of the diffusion process. If the adparticle follows the 
traditional framework of surface diffusion based on the single jump mechanism and the 
transition state theory (TST), the Arrhenius analysis offers a perfect linear fit, and the 
resulted activation energy of diffusion coincides with potential energy barrier of the PES 
of the system [91]. However, from Figure ‎6.3, it is seen that the values of D at this 
temperature range in which the admolecule exhibits Brownian motion deviate from a 
single linear fit. Hence, a unique value of activation energy cannot be assigned to explain 
the dynamics of the system; rather, D appears to follow two Arrhenius regimes with 
different activation energies. The crossover between these two regimes occurs at about 75 





/ps, and Ea values are 11 meV and 36 meV, respectively. These two distinct 
regimes of the nanoscale BM, which are distinct from the traditional picture of surface 
diffusion, were recently reported as Quasi-Continuous BM (QCBM) below 75 K, and 
Ballistic-Like BM (BLBM) above 75 K [188].   
   Since C60 admolecule at the temperature range of 25-200 K exhibits BM, it is valid to 
explain the dynamics of the system using the SE relation. In the Brownian surface 
diffusion, the kinetic nanofriction coefficient (η) defined as η = 1/τp is often used to 
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characterize the friction behavior, where τp is the characteristic time. Using this definition, 




D B  (‎6.5) 
 
   Equation (‎6.5) is used to calculate the kinetic nanofriction coefficient, η, as a function 
of temperature from D values at 25 K to 200 K. The resulted η values are presented by 
blue dots in the inset of Figure ‎6.3. It can be seen that an increase in temperature leads to 
a decrease in η, indicating a reduction of kinetic friction of a Brownian nanoparticle.  The 
inset of Figure ‎6.3 also indicates that C60 molecule experiences very low kinetic friction 
at elevated temperatures (around 200 K), which is almost 3 orders of magnitude lower 
than the kinetic friction at lower temperatures (around 25 K).  
   From Equations (‎6.4) and (‎6.5), the temperature dependence of kinetic nanofriction 








aB  (‎6.6) 
 
Our analysis indicates that in the considered physisorbed system, the kinetic nanofriction 
coefficient, η, is strongly temperature-dependent. The inset of Figure ‎6.3 indicates the 
existence of two regimes of kinetic nanofriction and their corresponding mechanisms: a 
high-friction limit at lower temperatures around 25 K, and a low-friction limit at elevated 
temperatures around 200 K. Their corresponding mechanisms can be interpreted by the 
frequency of interactions/collisions between the C60 and graphene surface at these two 
regimes. Thus high and low kinetic nanofriction coefficients correspond to the collisions 
at high and low frequencies, respectively. Recent works [188] showed that at lower 
temperatures between 25 K and75 K, the C60 performs a Brownian motion in which its 
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rotational degree of freedom plays a vital role in overcoming the energy barriers of the 
PES (QCBM regime), and the interactions between the admolecule and the energy 
corrugation of the system (PES)  lead to a high collision rate corresponding to the high 
kinetic friction limit.  In contrast, at elevated temperatures above 75 K (BLBM regime), 
the overall kinetic energy of C60 admolecule is high compared to the shallow PES, and 
the C60 exchanges energy with the thermally activated atoms of the graphene substrate 
with a lower frequency of collisions. Hence, in this regime, the effect of the potential 
energy corrugations (PES) on the dynamics of the system is negligible [172, 188], and the 
admolecule exhibits a free Brownian motion on graphene surface with low kinetic 
friction.  
   A recent study showed that the nanofriction arises from the aggregate interactions of 
many vibration modes in the system rather than from a specific vibration mode [213]. 
Regardless of the complexities, however, the cumulative effect of all 
interactions/collisions between the admolecule and the surface can be captured by 
studying the velocity autocorrelation function (VACF) of the admolecule. Hence, to 
further evaluate the above temperature dependency of single-molecular kinetic friction, 
we calculate the value of η by analyzing the VACF, Φ, of the C60 molecule. At any given 
elapsed time, t, from the time origin t0, Φ(t) is described as: 
 
,)().()( 00  ttvtvt  
(‎6.7) 
 
where v is the velocity of the particle COM. The VACF is shown to have an exponential 
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where ΦNorm is the normalized value of Φ at a given temperature. The characteristic time 
τp is the time after which the particle loses the memory of its original velocity due to the 
frictional drag forces of the substrate, and η = 1/τp [214]. Equation (‎6.8) is used to 
calculate τp from the VACF of the C60 COM at different temperatures (see Figure ‎6.3 (b)). 
From the calculated values of τp at different temperatures, the values of η can be obtained 
(η = 1/τp), which are presented in the inset of Figure ‎6.3(a) by open stars. It can be seen 
that there is a good agreement between the values of η obtained from two different 
dynamical aspects of the system, and both methods predict exponential decays of the 
kinetic nanofriction as a function of temperature.  
   According to the fluctuation dissipation theorem (FDT) [216], the Einstein relation 
holds where the particle responds to weak driving forces. Such weak driving forces 
include the thermal fluctuations at an equilibrium temperature, as well as weak applied 
driving forces realized in molecular motor [208] and  QCM experiments [60]. Hence, 
within the range of validity of FDT, where the velocity of a drifting nanoparticle (of mass 
m) is comparable to its thermal velocity (vth ∝ (kBT/m)
½
), the kinetic nanofriction force 
(Ff = mηvmotion) imposed on the particle by the substrate can be evaluated from  the 
diffusion coefficient of its Brownian motion. Therefore, our result can be used to predict 
the temperature dependence of the required driving force to control a C60 admolecule on 
graphene as a component of molecular devices operating at thermal equilibrium state 
[171, 208]. Moreover, our findings might help tune the experimental setup for measuring 
the sliding force in the corresponding QCM experiments, where the required resolution is 
beyond the temporal/spatial precision of available equipments [60]. 




We used a C60 molecule as a Brownian adparticle to understand the temperature 
dependence of the kinetic nanofriction on graphene substrate. Our analysis revealed the η 
decreases by increasing the temperature, and its temperature dependence follows an 
Arrhenius form with two distinct regimes that have a crossover merely by changing the 
temperature. The velocity autocorrelation analysis further confirmed this finding, which 
is compatible with the mechanisms of interaction between the admolecule and the 
substrate. Such temperature dependence of the kinetic nanofriction provides a theoretical 
framework to study the frictional mechanism and mobility at molecular scale. The 
C60/graphene is a prototypical physisorbed nanosystem where the dissipation mechanism 
is dominated by lattice dynamics and thermal vibrations. Similar behavior is expected in 
many other molecular systems. Therefore, our findings highlight the important role of 
temperature in nanosystems operating at different temperatures [209, 217], and thus open 
a possible new route for the development of NEMS. 
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7 7BA chemical route to control molecular mobility on graphene 
 
7.1 36BIntroduction 
As described in Chapter ‎1, controlling the motion of nanoscale building blocks on 
chemically contaminated or modified substrates is a bottleneck in bottom-up approaches 
to develop high performance. Advances in fabrication at the nanoscale present great 
opportunities and yet challenges in developing a wide range of Nanoscale Electro-
Mechanical Systems (NEMS) [218] such as nanoswitches [219, 220], nanowalkers [221], 
nanocars [222], and molecular carriers [99, 223]. Effective bottom-up approaches [29], 
together with efficient computation schemes [224, 225] are crucial to address bottleneck 
issues that hinder the fabrication, performance and productivity of these NEMS [226]. A 
closer look at bottom-up approaches reveals that, on the one hand, atoms, molecules and 
nanoparticles are the basic building blocks to construct NEMS. On the other hand, 
applications of these NEMS are often at finite temperature, where thermal fluctuations 
are unavoidable. Therefore, a firm understanding of surface diffusion and mass transport 
phenomena arising from thermal fluctuations is not only important to reveal new physical 
insights at the nanoscale, but also to control the basic building blocks, i.e., adsorbates or 
adparticles, through positioning, packing and moving them for device applications. 
   Classically, the surface diffusion of an adsorbate is considered as a series of 
uncorrelated random jumps between neighboring adsorption sites, often described by the 
transition-state theory (TST). However, at extremely high temperatures, the basic 
hypotheses of  TST are no longer valid,  and a crossover from random jump regime to 
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high-temperature Brownian motion regime takes place [90]. Regardless of mechanism of 
surface diffusion, its stochastic nature leads to atomic or molecular random motion on 
substrate surfaces. Consequently, how to precisely control the direction of motion, as 
well as the mobility of these building blocks becomes an important and practical issue in 
constructing high-performance NEMS [227]. Although attempts have been made to 
control the direction and mobility of adparticles on a substrate, for example, by the means 
of intrinsic guidance on surfaces, such as step edges [228], or by using extrinsic surface 
templates [229], only limited progress has been achieved [230]. Moreover, regardless of  
a great deal of theoretical efforts to study the surface diffusion phenomena [91], a 
universal model which is able to accurately describe the dynamics of the 
adsorbate/substrate interactions in a variety of systems is still lacking [92]. In addition, at 
extremely short time scale, for example, at the nanoscale, surface diffusion may exhibit 
different regimes, i.e., subdiffusion, normal diffusion and superdiffusion. How to identify 
and control parameters in real systems to achieve a specific diffusion regime is another 
interesting, and yet challenging issue in designing and constructing NEMS [92, 135]. 
   Motivated by the challenges discussed above we chose C60/hydrogenated graphene, a 
system promising for various important applications (see ‎1.3.3) as a model system to 
study the effect of hydrogenation on the diffusion behavior of C60 molecule. In a recent 
work [101], graphene Moiré patterns have been employed to trap C60 molecules for 
homoepitaxy of graphene nanostructures. Clearly, understanding the energetics and 
dynamics of such a system is fundamentally important to develop NEMS.  
   Chemical functionalization of graphene is a well-known approach to manipulate and 
control its  electronic properties [231]. Current theoretical and experimental studies of 
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functionalized graphene, especially with hydrogen, mainly focus on the chemical, 
electronic and mechanical properties of the material [231-233]. Although employing 
chemically functionalized domains on graphene is suggested for molecular packing [102], 
so far, understanding of the molecular mobility in such a system is lacking. On the one 
hand, chemically functionalization of graphene may introduce inhomogeneity in the 
system. This inhomogeneity may lead to specific correlations in the adsorbate motion. On 
the other hand, although some models have been proposed to describe the motion of an 
adsorbate on inhomogeneous surfaces, these models cannot treat general cases 
analytically [234]. Hence, in the present chapter, we aim at understanding the effect of 
chemical modification of graphene by hydrogen on the diffusive behavior of an adsorbate. 
To do so, here, we first perform systematic molecular dynamics simulations on the 
C60/hydrogenated graphene system by changing hydrogen coverage and system 
temperature. We then propose a theoretical model to predict the diffusive behavior of 
such a system and compare the model prediction with our molecular dynamics 
simulations. 
7.2 37BModel and methodology 
Our computational model is composed of a single adsorbate and a substrate. A C60 
molecule was used as the adsorbate, and a hydrogenated graphene sheet used as the 
substrate. The hydrogen coverage of the graphene sheet varies from 0%, i.e. pure 
graphene, to 100%, i.e. graphane. For the hydrogenated graphene substrates, we 
randomly functionalized the carbon atoms with hydrogen on both sides of graphene 
according to the coverage. Our technique for the inclusion of hydrogen in the graphene 
sheet has also been successfully applied to study the mechanical properties of 
Chapter 7: A chemical route to control molecular mobility on graphene 
88 
 
hydrogenated graphene [233]. The trajectory calculations were performed at temperature 
ranging from 50 to 300 K. Other details of simulations setup is provided in Chapter ‎3. 
  Diffusion behavior of the C60 molecule can be characterized by the time-dependence of 
the mean square displacement of its center of mass [234]. At a sufficiently long-time 
scale, the MSD scales linearly with time, indicating the normal diffusion regime:  
 
Dttr  )( MSD 2 , (‎7.1) 
 
where r is the displacement vector of  the C60 center of mass with respect to the origin, t 
is the time, D, is the diffusion coefficient, and <.> denotes time or ensemble average. 
Nevertheless, the Equation (‎7.1) can be generalized as: 
 ttr  )(2 , (‎7.2) 
 
where α is the diffusion exponent. This exponent determines the diffusive behavior of the 
adsorbate. At certain time scale, there might exist a transient regime, in which the 
diffusion is anomalous, depending on the energetics and dynamics of the system. In such 
scenario, the diffusion exponent can be either α >1, or <1, representing superdiffusive 
and subdiffusive regimes, respectively [135]. Hence, diffusive behavior also depends on 
the observation time window. Here, we applied a nanosecond time window to 
characterize the diffusive behavior of the C60/hydrogenated graphene system since a 
nanosecond is the typical time scale used in most of the MD simulations, and in a variety 
of nanoengineering applications [72].  
   In the normal diffusive regime, i.e., at sufficiently long time scale, the diffusion 
coefficients, D, can be calculated by using the best linear fit to the mean square 
displacement (MSD) curves according to: 




,2)(2 dDttrMSD   (‎7.3) 
 
7.3 38BResults and discussion 
 
 
Figure ‎7.1 Diagram of diffusive behaviors of a C60 admolecule on hydrogenated graphene.  
Temperature and hydrogenation coverage alter the diffusive behavior of the C60 
admolecule, leading to normal diffusion, subdiffusion and superdiffusion. These regimes 
are defined based on the MSD behavior of the C60 admolecule in a one-nanosecond time 
window. 
 
In the current chapter, the MD simulations in the C60/hydrogenated graphene system are 
performed for temperature ranging from 50 to 300 K, and hydrogen coverage from 0 to 
100%. The diffusive behavior of the system at a given temperature and coverage is 
analyzed by examining the mean square displacement (MSD) behavior of the C60 
molecule over time. The diffusive behaviors at different conditions are summarized as 
Figure ‎7.1, which shows a diagram of diffusive behaviors as a function of temperature 
and hydrogenation coverage. As described in Methods and Model Section, a nanosecond 
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time window was used to characterize the systems. Figure ‎7.1 shows the presence of 
three distinct regimes, namely superdiffusion, normal diffusion, and subdiffusion. Dash 
lines are drawn to approximately indicate the boundaries between these different regimes. 
The superdiffusive regime occupies a narrow region of pure/very low hydrogen coverage 
of graphene at temperatures above 175 K. The normal diffusive regime exists on the left 
and right sides of the diagram, with either a very low coverage or a very high coverage of 
hydrogen. At the intermediate coverage of hydrogen, there exists a subdiffusive regime 
which dominates the diagram. The most important effect of graphene hydrogenation on 
the diffusive behavior of C60 molecule is that minute hydrogenation or dehydrogenation 
(that is, removal of hydrogen atoms from graphane) leads to a subdiffusive behavior at 
temperatures ranging from 50 to 100 K. From Figure ‎7.1, it is seen that at a certain 
temperature, e.g. 200 K, the motion of the C60 molecule transits from superdiffusion, to 
normal diffusion, then to subdiffusion, and finally to normal diffusion by simply 
increasing the hydrogen coverage from 0 to 100%. At very low or very high hydrogen 
coverage, increasing the temperature can change the diffusive behavior from subdiffusion 
to normal diffusion. However, at an intermediate coverage between 30% and 75%, the 
system exhibits subdiffusion in all temperatures up to 300 K. Overall, the subdiffusion 
region is the dominant part of this diagram at the nanosecond time scale.  
   To demonstrate the diffusive behavior of C60 admolecule in three regimes appeared in 
Figure ‎7.1, a typical trajectory and MSD curve for each regime at 200K are given in 
Figure ‎7.2. This figure shows the trajectories of C60 (a1, a2, and a3), and the 
corresponding MSD curves (b1, b2 and b3) on pure graphene, graphane and partially 
(50%) hydrogenated graphene, respectively. Figure ‎7.2(a1 and b1) reveal the typical 
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characteristics of the trajectory and MSD curve of superdiffusion. Figure ‎7.2(a1) 
indicates that at a relatively high temperature, e.g., 200 K, the C60 molecule exhibits a 
ballistic-like Brownian motion on pure graphene. In this case, the adsorbate motion is 
similar to that of a Brownian particle in a low-viscosity liquid. According to 
Figure ‎7.2(b1), the MSD curve of the C60 molecule on pure graphene at 200 K exhibits a 
pronounced parabolic initiation, indicating the ballistic-like motion of C60. For this case, 
the overall diffusion exponent, α, is about 1.6. Figure ‎7.2(a2 and b2) show the typical 
features of normal diffusion: the quasi-continuous Brownian motion of C60 on graphane 
has a readily linear MSD behavior with α=1. Nevertheless, the diffusion of C60 on 
partially functionalized graphene is clearly different: The trajectory in Figure ‎7.2(a3) 
shows that the C60 molecule only vibrates around the local minima of the potential energy 
surface (PES). Its trajectory, even at relatively high temperature of 200 K, is confined in a 
small portion of the substrate and the C60 molecule does not exhibit any long-range 
motion. The MSD curve in this case exhibits a sublinear behavior, and has the overall 
diffusion exponent, α, of about 0.3, which is the signature of subdiffusion. From 
Figure ‎7.2 (b1) and Figure ‎7.2(b2), it is seen that the mobility on pure graphene is 
approximately one order of magnitude higher than that on graphane. However, the 
mobility of C60 in the subdiffusive regime (Figure ‎7.2(b3)) is about 5 orders of magnitude 
lower than its mobility on pure graphene at the same temperature.  
   In the absence of any external force in our simulations, the physics behind the scene of 
normal and anomalous diffusive behaviors must be related to the magnitude and topology 
of the PES of the C60 on different substrates. Here, we have calculated the PES for the 
following three systems: C60 on pure graphene, graphane, and partially hydrogenated 
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graphene (Figure ‎7.2). If one of the hexagons of C60 admolecule is parallel to the 
hexagons of graphene, energetically, the C60 molecule is in the most stable configuration 
[235]. We refer to this configuration as ―hexagon in phase‖ (Hex.-In Phase) and used it to 
calculate the PES for each system. (a1, a2 and a3) show the atomic configurations of the 
three systems, in which carbon and hydrogen atoms are represented by gray and red 
spheres, respectively. The hydrogen atoms above and below the graphene sheet are 
denoted by full red spheres and hollow red circles, respectively. Their corresponding PES 
contour plots are presented in Figure 7.3(b1) to (b3). In these figures, the spectrum of 
colors from red to blue corresponds to the highest to lowest values. 
 
 
Figure ‎7.2 The trajectories (a) and MSD curves (b) of the C60 admolecule on three 
different substrates at the same temperature of 200 K. (1) superdiffusion on graphene, (2) 
normal diffusion on graphane, and (3) subdiffusion on partially hydrogenated graphene 
(50%). The logarithmic analysis of MSDs (according to Eq. (‎7.2)) yields the value of α, 
which is 1.6  in (b1), 1 in (b2) and 0.3 in (b3), corresponding to the superdiffusion, 
normal diffusion and subdiffusion, respectively.  
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   First, we investigated the PES of the C60/graphene system (see Figure 7.3(a1)) for the 
Hex.-In Phase configuration, and its contour plot is shown in Figure 7.3(b1). According 
to Figure 7.3(b1), the global minimum energy in C60/graphene is reached when the 
vertical projection of the C60 center of mass coincides with the middle of sp
2
 carbon 
bonds of the substrate. Meanwhile, the global maximum of this PES is reached when the 
vertical projection of the C60 center of mass coincides with the geometrical center of 
graphene hexagons. The difference between the minimum and maximum values of the 
potential energy is only 26 meV, indicating a very shallow PES arising from the Van der 
Waals interactions between physisorbed C60 molecule and graphene substrate. However, 
the PES of C60/graphene system has another interesting feature: in this system, there 
exists a path parallel to the [120] crystallographic direction of the graphene (the blue 
channel in Figure 7.3(a1)), along which there is a negligible energy barrier of about 4 
meV.  Such a path provides a diffusion highway for C60 motion on graphene. 
   To examine the effect of hydrogenation on the PES, we calculated the PES of C60 on 
graphane, i.e., fully hydrogenated graphene (see Figure 7.3(a2)), for the same Hex.-In 
Phase configuration. The corresponding PES contour plot is shown in Figure 7.3(b2). 
According to the PES of C60/graphane system, the global minimum energy occurs when 
the vertical projection of the C60 center of mass coincides with the position of a hydrogen 
atom above the substrate. In this system, if the vertical projection of the C60 center of 
mass coincides with two positions, a saddle point in the PES arises: 1) the geometrical 
center of the graphene hexagons, and 2) the hydrogen atoms added to the substrate in the 
opposite side of the C60 admolecule. The difference between the minimum and maximum 
values of the potential energy is about 30 meV, which also indicates a shallow PES. 
Chapter 7: A chemical route to control molecular mobility on graphene 
95 
 
However, there is an apparent difference between the potential energy surfaces of 
C60/graphene and C60/graphane systems: in the former system, a smooth diffusion 
pathway (the blue channel) exists for the C60 molecule (see Figure 7.3(b1)); whereas, in 
the later system, the potential energy wells are surrounded by high energy hills and there 
is no fast diffusive pathway (see Figure 7.3(b2)). Hence, although the magnitudes of PES 
corrugation in the C60/graphene and C60/graphane systems are almost the same, the 
difference in their topological characteristics leads to about one order magnitude 
difference in the mobility of C60 admolecule (Figure ‎7.2(b1, b2)). 
   A common feature of the PES contour plots in the C60/graphene and C60/graphane 
systems is their periodicity inherited from the periodic atomic configuration of the 
substrates. However, partial chemical modification of graphene destroys such periodicity, 
and creates large random peaks and valleys in the PES of the system. Indeed, 





. Such bond character change introduces a change in bond length and bond angle. As a 
result, the hydrogenated carbon atom experiences an out-of-plane deflection. Such 
defection can be either positive or negative, depending on whether the location of the 
hydrogenation is above or below the graphene sheet. Consequently, the random 
hydrogenation on top and below of graphene introduces random physical roughness, 
which in turn alters the PES of the system. To elaborate the effect of partial 
hydrogenation of graphene on the PES, we plot Figure 7.3(a3) and (b3), which show the 




from a 15% randomly hydrogenated graphene, respectively. Comparing Figure 7.3(b3) 
and 3(b1, b2), it can be concluded that partial functionalization drastically alters the PES 
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of the system and introduces a heterogeneous PES profile. From Figure 7.3(b3), it can be 
expected that the trajectory of C60 in such a system will be confined along the pathways 
with lowest energy barriers. For example, at temperatures up to 300 K, the C60 molecule 
is unable to pass over the points where there is a positive out-of-plane roughness (a large 
barrier). Our analysis shows that the C60 bounces back from such a high energy barrier, 
diverting the motion of the C60 from its original moving path. In addition, decreasing the 
temperature increases the chance of trapping the C60 inside the potential wells.  
   Occurrence of subdiffusion in Figure ‎7.2(b3) can be related to the existence of barriers 
(obstacles) and traps (potential wells) in the PES of the partially hydrogenated system. 
The effect of random traps or barriers on the surface diffusion can be described by the 
random trap or random barrier models, respectively [234]. Either trapping by PES wells 
or blocking by PES barriers can lead to the occurrence of subdiffusion in the partially 
hydrogenated systems.  
   To analyze the effect of hydrogenation of graphene on the mobility of the C60 molecule 
in superdiffusion and subdiffusion regimes, we performed long time scale MD 
simulations to allow the system to reach the normal diffusion regime. We then extracted 
the diffusion coefficients using the best linear fit to the MSD curves at different 
temperatures and hydrogen coverages, and the results are presented in Figure ‎7.4(a). It is 
seen that the C60 mobility drastically decreases with adding/removing a small percent of 
hydrogen atoms (even below 5%) to/from graphene/graphane, respectively. As described 
in Figure ‎7.2, where the hydrogenation leads to subdiffusive behavior, the mobility of C60 
is 4 to 5 orders of magnitude lower than its mobility in the C60/graphane and 
C60/graphene systems. Figure ‎7.4(a) also illustrates that a simple linear rule of mixtures 
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cannot describe the dependency of C60 mobility on the hydrogen coverage. Clearly, 
partial hydrogenation leads to the occurrence of ultrasensitivity in the molecular motion 
on hydrogenated graphene. 
7.3.1 63BRandom trap and barrier model 
 
Figure ‎7.4 (a) Effect of hydrogenation coverage on the diffusion coefficient of C60 
admolecule at three different temperatures.  The drastic change in C60 mobility with the 
change of hydrogen coverage signifies the ultrasensitive behavior of the C60 motion. (b) 
and (c) show the comparison of the normalized diffusivities obtained from the MD 
simulations (scattered points), and those from our proposed model (continuous lines) at 
very low (< 5%) and very high (> 95%) hydrogen coverages, respectively. The 
normalizations of diffusion coefficients in (b) and (c) are based on the diffusivities of C60 
on pure graphene and graphane, respectively, at the corresponding temperatures. 
 
To reveal insights into how the hydrogen modification leads to such ultrasensitivity in the 
mobility of C60 admolecule, we develop a theoretical model considering random traps and 
barriers induced by random hydrogenation. For pure graphene or graphane, their PESs 
are shallow, leading to fast diffusion. For partially hydrogenated graphene, however, 
hydrogenation alters the PES of the system. If a hydrogenation occurs at the same side 
with the C60 admolecule, such hydrogenation creates a potential energy peak, leading to 
an energy barrier. However, if a hydrogenation occurs at the opposite side with the C60 
admolecule, such hydrogenation creates a potential energy well, leading to an energy trap. 
Hence, the C60 performs a random motion on the hydrogenated graphene surface with a 
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combination of shallow energy traps and low energy barriers (on graphene/graphane 
regions), and deep energy traps (caused by hydrogenation/ dehydrogenation of 
graphene/graphane at the opposite side of C60 admolecule) and high energy barriers 
(caused by hydrogenation/dehydrogenation of graphene/graphane at the same side of C60). 
Hence, the partially hydrogenated graphene forms an energetically heterogeneous system.  
   The diffusion coefficient of a homogeneous system having a periodic PES with depth 







a   (‎7.4) 
 
where <>hom is the average dwelling time at the bottom of the energy well (Ea), and kB is 
the Boltzmann constant. Based on the random trap model [234], the diffusion coefficient 
of a heterogeneous system which its PES contains traps with energy depth of Et and 
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where <τ>hett is the average dwelling time of an admolecule at the bottom of energy wells. 
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Here, it is assumed that the proportionality constants in Equations (‎7.5) and (‎7.6) are the 
same, independent of temperature and depth of the energy wells [236].  
   Next we consider the effect of random energy barriers on the surface diffusion of the 
partially hydrogenated system. In general, a random barrier model [234] is difficult to 
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handle by any analytical methods. Often, simulation techniques such as Monte Carlo 
(MC) methods were used to address this problem [234, 237]. Assuming a linear decay of 
the diffusion coefficient of C60 by increasing the distribution density of the random 
barriers pb, the diffusion coefficient arising from random barriers, Dhetb, can be written 
based on Saxton’s model as [237]: 
 
.D)p1(D hombhetb   (‎7.7) 
 
To obtain the distribution densities of barriers or traps in terms of 
hydrogenation/dehydrogenation, we find that adding/removing a hydrogen atom to/from 
the graphene/graphane sheet, respectively, influences an area with a radius of about 5 Å 
on the PES of the C60/graphene or C60/graphane system. This influenced area corresponds 
to about 30 regular sites on the graphene or graphane sheet. Hence the influencing 
coefficient for adding or removing a hydrogen atom, ainf, is taken to be 30. Since the 
hydrogenation/dehydrogenation is performed in a random manner, the concentrations of 
hydrogenation/dehydrogenation on both sides of the graphene/graphane are equal. Hence 
the concentrations of traps and barrier are equal:    
 ct=cb=0.5cH         (hydrogen coverage < 5%), 
ct=cb=0.5(1-cH)   (hydrogen coverage > 95%),          
(‎7.8) 
 
where ct, cb, and cH are the concentration of traps, barriers and hydrogen atoms, 
respectively. The product of ct or cb with the influencing coefficient, i.e., ct.ainf or cb.ainf, 
gives the distribution  density of the traps or barriers (pt or pb), respectively. 
   Assuming traps and barriers are independent at a low concentration of 
hydrogenation/dehydrogenation to/from graphene/graphane, and combining Equations 
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  (‎7.9) 
 
Equation (‎7.9) can be used to predict the mobility of C60 on a partially hydrogenated 
graphene under the conditions prescribed by Equation (‎7.8). To do so, we performed 
atomistic simulations to determine the parameters Et and Ea. In the limit of very low 
hydrogen coverage up to 5% (Figure ‎7.4(b)), we find Et = 0.11 eV, and Ea= 0.004 eV. 
The normalized diffusion coefficient calculated from our model at three different 
temperatures (100, 200 and 300 K) are presented with continuous curves in Figure ‎7.4(b). 
In the same figure, the normalized diffusion coefficients from MD simulations at the 
corresponding temperatures are presented by discrete points. Here, the diffusion 
coefficient values obtained from MD simulations are normalized by those of C60 on pure 
graphene, which are 3.07, 33.58, and 101.16 Å
2
/ps at 100 K, 200 K and 300 K, 
respectively. At very high hydrogen coverages above 95% (see Figure ‎7.4(c)), we find 
Et=0.09 eV, and Ea= 0.03 eV. The calculated results of the model at three temperatures, 
i.e., 100, 200 and 300 K, are presented in Figure ‎7.4(c) with continuous curves, and their 
corresponding values from MD simulations are shown by discrete points. The diffusion 
coefficient values obtained from our MD simulations are normalized by those of C60 on 
graphane, which are 0.314, 3.4, and 7.78 Å
2
/ps at 100 K, 200 K and 300 K, respectively.  
It is seen from Figure ‎7.4(b,c) that the model predictions are in good agreement with our 
MD simulation results, reproducing the ultrasensitivity of the molecular motion on 
hydrogenated graphene. 




We performed MD simulations to study the effect of hydrogenation and temperature on 
the surface motion of a C60 admolecule on graphene.  We showed the presence of three 
distinct diffusive regimes in this system: superdiffusion, normal diffusion, and 
subdiffusion, which are identified by their characteristic behavior in the trajectories and 
mean square displacement of C60 admolecule. A diagram of these regimes as a function 
of temperature and hydrogen coverage was presented. We found that the mobility of C60 
on graphene is extremely sensitive to a minute amount of graphene 
hydrogenation/graphane dehydrogenation. This ultrasensitivity in surface molecular 
transport of the C60 admolecule due to minute graphene hydrogenation/graphane 
dehydrogenation arises from drastic changes in the PES of the system. A theoretical 
model was developed to describe the effect of hydrogenation at both very low and very 
high hydrogenation coverage on the mobility of C60 admolecule. The model predictions 
are in good agreement with the MD simulation results, reproducing the ultrasensitivity of 
C60 motion on hydrogenated graphene at very low or very high hydrogenation coverage. 
The present work provides fundamental insights into the ultrasensitivity of molecular 
mobility and a theoretical model to describe molecular motion at the nanoscale systems, 
and suggests that chemical functionalization of  graphene can be used to control the 
molecular  motion at the nanoscale [238, 239].  
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8 8BConclusions and future work 
 
8.1 40BConclusions 
In this thesis, we have used atomistic modeling to study the energetics and dynamics of 
surface diffusion and friction in the C60/graphene-based system. Our present work reveals 
many fascinating insights into the molecular motion and frictional mechanisms in   
different regimes, and provides important guidance to control the dynamics of molecular 
motion in bottom-up approaches for building nanodevices.  
64B1. Two distinct regimes of surface Brownian motion 
For the first time, we demonstrated that a C60 molecule on a graphene substrate exhibits 
two distinct regimes of nanoscale surface Brownian motion. This is far from the 
traditional stick-slip picture of surface diffusion.  These regimes are a quasi-continuous 
and a ballistic-like Brownian motion, resembling the motion of a Brownian particle in a 
fluid with high and low viscosity, respectively. The crossover between these two regimes 
takes place by merely changing the temperature. We found that the physical origin for 
this crossover is the effect of temperature on the mechanism of interaction between C60 
and graphene.   
65B2. Effect of rotational degrees of freedom on molecular mobility 
Our qualitative and quantitative analysis indicated that there is an intermediate 
temperature range in which the rotational degrees of freedom (DOFs) enhance the 
molecular mobility of the C60, since they provide a route for the admolecule to easily 
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overcome the energy barriers of the system. Consequently, the C60 admolecule with 
rotational DOFs can exhibit Brownian motion on the surface; this is absent in the system 
without rotational DOFs, which instead undergoes stick-slip motion. Beyond this 
intermediate temperature range, the contribution of rotational DOFs to the overall 
mobility of the admolecule is negligible. This observation provides insights into 
development of efficient ways to manipulate nanoscale objects with rotational DOFs.  
66B3. Effect of temperature on kinetic nanofriction  
The use of Einstein’s theory of Brownian motion in analyzing the diffusion coefficient 
and velocity autocorrelation function of the C60 admolecule demonstrated that the kinetic 
nanofriction coefficient decreases with temperature. The temperature dependence can be 
described by an Arrhenius-form expression with two distinct regimes that crossover at a 
specific temperature, which is compatible with the mechanisms of interaction between 
the C60 admolecule and the graphene. Based on these results, a theoretical framework has 
been developed to study the kinetic nanofriction. In addition, the results of current work 
may help to tune the existing experimental setups to measure the sliding (friction) force at 
the nanoscale.  
67B4. Effect of substrate chemical modification on molecular mobility 
We compared the surface motion of the C60 admolecule on both pristine and 
hydrogenated graphene, and demonstrated the existence of three distinct diffusive 
regimes, namely, superdiffusion, normal diffusion, and subdiffusion at different 
temperatures and hydrogen coverages. More importantly, we presented a diffusion 
diagram which maps these diffusive regimes at various temperatures and hydrogen 
coverages.  In addition, we showed that a minute hydrogenation (dehydrogenation) of the 
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graphene (graphane) drastically reduces the mobility of the admolecule. We developed a 
theoretical model, which takes the effects of both random traps and barriers into account, 
to predict the relation between the diffusion coefficient, temperature and hydrogen 
coverage. The model predictions are in good agreement with our molecular dynamics 
simulations. Relying on these results, we suggested a chemical route to control molecular 
motion at the nanoscale, but more importantly, we provided a theoretical framework to 
describe the molecular mobility at the nanoscale.  
8.2 41BFuture work 
In this thesis, a single C60 admolecule on graphene was considered to study the effects of 
temperature, internal degrees of freedom, and chemical modification of the substrate on 
its diffusive and frictional behavior. However, in practical applications, a collection of 
C60 admolecules may be used for device fabrication via self-assembled structuring on the 
surface. For these applications, some other parameters besides temperature and internal 
degrees of freedom can affect the mobility of the system. For example, the C60-C60 
interactions at finite coverage and confinements of their motion can alter the diffusion 
characteristics. It will be interesting to explore these effects. Some interesting problems 
for future studies are listed below: 
68B1. Confined Brownian motion of C60 on graphene nanoribbons and nanoroads 
Understanding different aspects of confined Brownian motion, e.g. the influence of  
―walls‖ (constraints) on the dynamics of Brownian particles, is crucial in applications 
such as particles migration through porous media or motion along fluid-solid boundaries, 
diffusion of macromolecules in membranes, and interaction of cells with surfaces [240, 
241].  
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   Based on our preliminary research, the Brownian motion of C60 on graphene can be 
confined by using two different approaches: (1) by physically changing the graphene 
geometry and using nanoribbons or graphene flakes, (2) by chemically modifying the 
graphene and creating diffusive pathways. Using the former approach, we have found 
that the vdW interaction between C60 and graphene is sufficiently strong to absorb the C60 
molecule on a finite-width GNR with a width of only 5 Å at room temperature. We have 
observed that the trajectory of the C60 admolecule is confined along the GNR length, and 
the edges of the GNR play a role as reflecting walls (see Figure ‎8.1).  
 
 
Figure ‎8.1 Confined Brownian motion of C60 on a GNR at 100 K. The width of the GNR 
is 50 Å. The edges confine the admolecule motion. 
 
   Regarding the latter method, we recall that the chemical functionalization of graphene 
provides high potential energy barriers on the surface and strongly alters the motion of 
the adsorbate (see Chapter ‎7). Theoretical [242] and experimental [243] studies revealed 
the possibility of constructing graphene-graphane composite sheets (see Figure ‎8.2(a)). 
Our MD simulations have indicated that the motion of a C60 adsorbed on the graphene 
domain of a graphane-graphene-graphane composite sheet is confined in the graphene 
area. The graphene strip between two graphane domains plays a role of a ―nanoroad‖ for 
the C60, and its edges adsorb the admolecule (see Figure ‎8.2(b)). 
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Figure ‎8.2 (a) Schematic illustration of fabricating the graphane/graphene composite 
sheet and  subsequent fluorescence quenching microscopy (FQM) imaging [243].(b) Our 
MD simulation at 100 K reveals the confined Brownian motion of a C60 admolecule (red 
trajectory) on the 20 Å width graphene ―nanoroad‖ confined between graphane domains 
in a graphane-graphene-graphane composite sheet (green and white circles represent 
carbon and hydrogen atoms, respectively). The PBC is applied on the simulation box. It 
can be seen that the edges of the ―nanoroad‖ adsorb the C60 admolecule. 
 
  Continuing this research would be important for applications where confined Brownian 
motion is guided by patterned surface templates.     
69B2. Coverage effects and self-assembly 
In this thesis, the simulations were conducted for a single C60 admolecule on graphene. 
We investigated the admolecule-substrate interactions, independent of the effects of other 
admolecules. Although our case may correspond to (infinitesimally) low coverage of 
admolecules, in applications, a finite coverage of admolecules may be required. 
Therefore, the mobility of an admolecule would be dependent on the configuration of 
other admolecules due to the C60-C60 interactions. Our recent MD simulations have 
revealed that two C60 molecules on graphene stay close to each other even at room 
temperature and diffuse as a C60-dimer (see Figure ‎8.3). A cluster of admolecules has 
extra degrees of freedom compared to an isolated molecule, and studying its diffusive 
behavior would be interesting. 
 
(a) (b) 




Figure ‎8.3 Distance between the centers of masses of two C60 molecules, which form a 
stable C60-dimer, at different temperatures during their surface diffusion on graphene. 
Even at room temperature (300 K) the C60-dimer is stable and the average distance 
between molecules is 9.6 Å. Higher temperatures lead to dissociation of the dimer.  
 
   At very high coverage, the C60 admolecules impede the motion of each other. It is 
expected that below a certain temperature, the motion of each C60 becomes very restricted, 
and they form a solid-like thin film. It was claimed that in contrast to the epitaxial growth 
of most vdW crystals, the lattice parameter of C60 thin films are independent of the lattice 
parameters of the underlying substrate [244, 245]. Understanding of these effects 
especially for graphene substrates, and their impact on the formation and structure of C60 
crystalline films is another interesting objective for future research. 
70B3. Diffusive phenomena in other systems 
This thesis provides insight into the surface diffusion of C60 on graphene as a prototypical 
example of a physisorbed system. It would be interesting to apply the obtained 
knowledge to study the surface diffusion in other systems, for example to investigate the 
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possibility of controlling the mobility of graphene flakes on graphene using 
superlubricity [246]. It would also be fascinating to study the diffusive phenomena in 
benzene/graphite and other organic systems with potential applications in lubrication and 
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